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SUMMARY.
A g e n e r a l  t h e o r e t i c a l  i n e l a s t i c  a n a l y s i s  
i s  d e v e lo p e d  f o r  p i n - e n d e d  p r e s t r e s s e d  c o n c r e t e  
c o lu m n s ,  u n d e r  s h o r t  t e r m  l o a d i n g ,  w h ic h  i n c l u d e s  
t h e  e f f e c t s  o f  s l e n d e r n e s s ,  m a g n i tu d e  a n d ] p o s i t i o n  
o f  p r e s t r e s s  and  e c c e n t r i c i t y  o f  l o a d i n g .
A s i n g l e  s e t  o f  e q u i l i b r i u m  e q u a t i o n s  
w i t h  a  c o m p a t i b i l i t y  c o n d i t i o n ,  i n c o r p o r a t i n g  a  
c r i t i c a l  s t r a i n  c r i t e r i o n  an d  a  p a r a b o l i c  s t r e s s  
b l o c k ,  a r e  u s e d  t o  com pare  t h e  r e s u l t s  o f  73  s p e c im e n s ,  
p r e p a r e d  by  t h e  a u t h o r ,  a n d  163  c o n c r e t e  co lum n s 
t e s t e d  by  o t h e r  i n v e s t i g a t o r s .
The com pared  r e s u l t s  c o v e r  a  w ide  r a n g e  o f  
l e n g t h ,  s l e n d e r n e s s  and c o n c r e t e  s t r e n g t h  and  t h e  
c l o s e  a g re e m e n t  o b t a i n e d  i n d i c a t e s  t h a t  t h e  a n a l y s i s  
and  b a s i c  a s s u m p t io n s  y i e l d  r e l i a b l e  r e s u l t s .
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CHAPTER 1 . 
GENERAL INTRODUCTION.
1 . 1  I n t r o d u c t i o n  t o  r e s e a r c h .  I n c r e a s i n g  i n t e r e s t  h a s  
b e en  shown i n  t h e  d e v e lo p m e n t  and u s e  o f  p r e t e n s i o n e d  
and  p o s t - t e n s i o n e d  c o n c r e t e  i n  s t r u c t u r e s  d u r i n g  r e c e n t  
y e a r s .  I t  i s  p r o b a b l e  t h a t  no o t h e r  t y p e  o f  c o n s t r u c t ­
i o n a l  i n n o v a t i o n  h a s  c a u s e d  so g r e a t  an  im p a c t  on 
e n g i n e e r i n g  an d  many v a r i e d  a p p l i c a t i o n s  a r e  now w e l l  
known and  i n c l u d e  dam s, b r i d g e s ,  a i r f i e l d  ru n w a y s ,  t u n n e l s ,  
r o a d s  and b u i l d i n g s  r e s i s t a n t  to  s e i s m ic  and  m in in g  
s u b s id e n c e  f o r c e s .  T h e re  a r e  a l s o  many i m p o r t a n t  b u t  
l e s s  p r e t e n t i o u s  u s e s ,  o f  w h ich  p i p e s ,  b eam s, p i l e s  and  
even  d i v i n g  b o a r d s  a r e  b u t  few .
D e s p i t e  t h e s e  v a r i e d  a p p l i c a t i o n s  o f  p r e s t r e s s e d  
c o n c r e t e ,  a  m ost common s t r u c t u r a l  member, t h e  c o lu m n , h a s  
b e e n  p r a c t i c a l l y  i g n o r e d .
To t h e  know ledge  o f  t h e  a u t h o r ,  no f u l l  s c a l e
r e s e a r c h  h a s  b e e n  c a r r i e d  o u t  on t h e  s u b j e c t  o f  t h i s  t h e s i s ;
two p r e t e n s i o n e d  b e a n s  h a v e  b e e n  t e s t e d  a s  co lum ns b y  t h e
1B u i ld i n g  R e s e a r c h  S t a t i o n  , one o f  a  s e r i e s  o f  t h r e e  
o c t a g o n a l  p r e t e n s i o n e d  co lum ns was t e s t e d  a s  a  d e m o n s t r a t i o n  
f o r  t h e  d e l e g a t e s  o f  t h e  W orld  C o n fe re n c e  on p r e s t r e s s e d  
c o n c r e t e  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  i n  1 9 5 7 ^ ,  an d  one 
s p i r a l l y  r e i n f o r c e d  a n d  one t i e d  p o s t - t e n s i o n e d  c o n c r e t e  
colum n w ere  t e s t e d  a t  t h e  L e h ig h  U n i v e r s i t y  i n  1 9 6 0 ^ ,  I n
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none  o f  t h e s e  c a s e s  v/as s u f f i c i e n t  d a t a  o b t a i n e d  t o  p e r n i t  
o t h e r  t h a n  v e r y  l i n i t e d  c o n c l u s i o n s  t o  be  d raw n .
Columns may be  d i v i d e d  c o n v e n i e n t l y  i n t o  t h r e e  
m ain  g ro u p s  d e p e n d e n t  u pon  t h e  r a t i o  o f  end l o a d  r e l a t i v e  
t o  e x t e r n a l  a p p l i e d  m om ent: -
( 1 ) H igh  lo a d  w i t h  r e l a t i v e l y  low moment:
T h is  c a s e  i s  c o n c e rn e d  w i t h  t h e  h y p o t h e t i c a l  a x i a l l y  lo a d e d  
colum n w here  ev en  f o r  s h o r t  co lum ns an d  r e g a r d l e s s  o f  end 
c o n d i t i o n s ,  t h e r e  i s  some l a t e r a l  d e f l e c t i o n ,  a t  t h e  
u l t i m a t e  l o a d ,  due  t o  s m a l l  i n i t i a l  l o a d i n g  e c c e n t r i c i t i e s  
and  t h e  i n c e p t i o n  o f  l a t e r a l  i n s t a b i l i t y  w h ic h  i n d u c e s  a  
s m a l l  moment,
(2 )  H igh  m o m e n t-w ith  r e l a t i v e l y  low e x t e r n a l  l o a d :
T h is  c a s e  i s  t h a t  o f  t h e  colum n i n  w h ich  t h e  a p p l i e d  f o r c e s  
and  moments a r e  e q u i v a l e n t  t o  a  d i r e c t  l o a d  whose l i n e  o f  
a c t i o n  l i e s  o u t s i d e  t h e  s e c t i o n  and  beam s w o u ld ,  i n  t h e  
l i m i t  o f  i n f i n i t e  e c c e n t r i c i t y ,  be  c l a s s i f i e d  i n  t h i s  g ro u p .
( 3 )  I n t e r m e d i a t e  b e tw e e n  1 and  2 :
T h a t  i s  t h e  c a s e  o f  a  co lum n c a r r y i n g  d i r e c t  l o a d  a n d  end  
moment i n  w h ich  t h e  l o a d  l i n e  f a l l s  w i t h i n  t h e  s e c t i o n  a t  
t h e  e n d s .
S u m m aris in g  f o r  l o a d i n g  e c c e n t r i c i t y  e-, , and  co lum n
d e p th  t ,
Group ( 1 ) e x = o ( 2 )  e 1 >  |  (3 )  e 1 <  |
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F o r n o n - p r e s t r e s s e d  m em bers , a l l  t h e s e  g ro u p s
4have  b e e n  i n v e s t i g a t e d  e x p e r i m e n t a l l y  by  Thomas ,
CZ g
H o g n e s ta d  , T o l l e r f i e l d  and  Cowan t o  m e n t io n  o n l y  one i n  
e a c h  o f  t h e  g r o u p s .  R e in f o r c e d  c o n c r e t e  c o lu m n s ,  w i t h  
b o t h  c e n t r a l  l o a d i n g  and th e  l o a d i n g  a t  l a r g e  e c c e n t r i c i t i e s ,  
a s  w e l l  a s  r e i n f o r c e d  and p r e s t r e s s e d  c o n c r e t e  beam s h a v e  
b e e n  t h e  s u b j e c t  o f  e x t e n s i v e  t e s t s ,  b u t  t h e  t r a n s i t i o n a l  
c a s e  ( 3 ) b a s  r e c e i v e d  l i t t l e  a t t e n t i o n  i n  t h e  p a s t .
F u r t h e r  i n v e s t i g a t i o n  o f  t h i s  t r a n s i t i o n a l  c a s e ,  
f o r  lo n g  and  s h o r t  co lum ns and  i t s  r e l a t i o n  t o  t h e  o t h e r  
c a s e s ,  was one o r i g i n a l  o b j e c t  o f  t h i s  r e s e a r c h ,  w h ic h  was 
s u b s e q u e n t l y  e x te n d e d  t o  s t u d y  c o m p r e h e n s iv e ly  z e r o ,  l a r g e  
and i n f i n i t e  c a s e s  o f  l o a d  e c c e n t r i c i t y  ( c a s e s  1 , 2  and  
b e a m s) .  Members w ere  s u b j e c t  t o  v a r i o u s  c o n d i t i o n s  o f  
p r e s t r e s s  ( i n c l u d i n g  z e ro  p r e s t r e s s ;  t h e  p l a i n  r e i n f o r c e d  
c a s e )  w i th  t h e  i n t e n t i o n  o f  p r o v i d i n g  d a t a  f ro m  w h ic h  a 
s i n g l e  s e t  o f  e q u a t i o n s  a p p l i c a b l e  to  a l l  c a s e s  m ig h t  be  
d e d u c e d ,
1 I t  was a l s o  c o n s i d e r e d  o f  i n t e r e s t  t o  i n v e s t i g a t e
w h e th e r  t h e  b u c k l i n g  t e n d e n c y  w i t h  lo n g  co lum ns was 
m o d i f i e d  by  t h e  a d d i t i o n  o f  a  p r e s t r e s s .
I t  w ould  be  e x p e c te d  t h a t  a x i a l l y  l o a d e d ,  
c e n t r a l l y  p r e s t r e s s e d  members h av e  a lo w e r  u l t i m a t e  l o a d  
c a r r y i n g  c a p a c i t y  t h a n  s i m i l a r  n o n - p r e s t r e s s e d  members a n d  
i t  may b e  q u e s t i o n e d  w h e th e r  any  b e n e f i t  w ou ld  be  d e r i v e d
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f r o n  i n d u c i n g  a n  i n i t i a l  p r e c o m p r e s s i o n  i n  t h i s  c a s e .  
H ow ever, u l t i m a t e  l o a d  c a r r y i n g  c a p a c i t y ,  a l t h o u g h  
i m p o r t a n t ,  may n o t  a lw ay s  be  t h e  d e s i g n  c r i t e r i o n .
C o n c re te  members su c h  as  p i l e s ,  j e t t y  l e g s  and  e x p o se d  
colum ns may r e q u i r e  t o  be p r e t e n s i o n e d  o r  p o s t - t e n s i o n e d  
to  a s s i s t  h a n d l i n g  o r  t o  p r o v i d e  f re e d o m  fro m  p e rm a n e n t  
c r a c k s ,  c a u s e d  by  s h r i n k a g e ,  h a n d l i n g  o r  t r a n s i e n t  f o r c e s .  
The s i z e  o f  p e rm a n e n t  c r a c k s  may w e l l  d e t e r m i n e  t h e
J5
d u r a b i l i t y  o f  th e  member w here  m a r in e  o r  c h e m ic a l  a t t a c k  
o f  t h e  s t e e l  i s  a  d a n g e r .
Modern n e e d  f o r  r a p i d  e x p l o i t a t i o n  o f  s i t e s ,  
t o g e t h e r  w i t h  c o s t  s a v i n g  i n  s o f f i t  s h u t t e r i n g  h a s  l e d  t o  
d e v e lo p m e n t  i n  c o n s t r u c t i o n  by  t h e  l i f t  s l a b  m e th o d . 
P r e c a s t  u n i f o r m l y  p r e t e n s i o n e d  o r  p o s t - t e n s i o n e d  co lum ns 
o f f e r  d i s t i n c t  a d v a n ta g e s  f o r  m u l t i - s t o r e y  l i f t  s l a b  
c o n s t r u c t i o n ,  t h e  m ost i m p o r t a n t  o f  w h ic h  i s  t h e  s a v i n g  i n  
c o s t  f o r  c o n c r e t e  co lum ns com pared  w i t h  s t e e l  c o lu m n s ,  
w h ic h ,  i n  t h e  c a s e  o f  a  r e c e n t  8 - s t o r e y  b u i l d i n g ,  i s  
c la im e d  t o  be  a s  h i g h  a s  50  p e r  c e n t .
K o l b j o r n ,  S a e t h e r  and A s s o c i a t e s ,  C o n s u l t i n g  
E n g in e e r s  o f  C h ic a g o ,  h a v e  b e e n  r e s p o n s i b l e  f o r  t h e  
c o n s t r u c t i o n  o f  a  s i x  s t o r e y  l i f t  s l a b  b u i l d i n g  w i t h  
p o s t - t e n s i o n e d  c o lu m n s .  T h ese  co lum ns w ere  p r e c a s t  w i t h  
t h i n  s p a c e r s  i n  t h e  c a s t i n g  b e d  so a s  t o  o b t a i n  t r u l y  
m a tc h in g  ends  a n d  t h u s  a c h i e v e  f u l l  b e a r i n g  c a p a c i t y
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i m m e d ia te ly  a f t e r  s p l i c i n g  l e n g t h s  o f  co lum n and
s t r e s s i n g  t h e  b a r s .
O th e r  l i f t  s l a b  b u i l d i n g s  w i t h  p o s t - t e n s i o n e d
colum ns a r e  i n  t h e  p r o j e c t  s t a g e  i n c l u d i n g  one  o f
s e v e n t e e n  s t o r e y s .  However o n ly  two p r e s t r e s s e d  c o lu m n s ,
one w i t h  s p i r a l  l i n k s  th e  o t h e r  w i t h  t i e s ,  h av e  b e e n
5
t e s t e d  t o  d e s t r u c t i o n  t o  m ee t th e  B u i l d i n g  Code r e q u i r e -  
i n e n t s  o f  t h e  C i t y  o f  C h ic a g o ,  w h ich  c a l l s  f o r  p e r f o rm a n c e  
t e s t s  on a l l  p r e s t r e s s e d  c o n c r e t e  u s e d  i n  t h e  C i t y ,  and  a 
t e s t  p ro v e n  m ethod  o f  a n a l y s i s  d o e s  n o t  e x i s t .
The a u t h o r  b e l i e v e s  t h a t  t h e  l i f t  s l a b  i n d u s t r y ,  
p a r t i c u l a r l y  i n  A m e r ic a ,  w i l l  t e n d  i n c r e a s i n g l y  t o  u s e  
p r e s t r e s s e d  co lum ns b e c a u s e : -
( a )  G r e a t e r  f l e x u r a l  s t r e n g t h  i s  p r o v i d e d  f o r  h a n d l i n g  
and w ind  r e s i s t a n c e  when t h e  co lum ns a r e  f r e e  s t a n d i n g .
(b )  F reedom  fro m  p e rm a n e n t  c r a c k i n g  i s  a c h i e v e d  b o t h  
d u r i n g  e r e c t i o n  and  s u b s e q u e n t l y .
( c )  By u s i n g  p o s t - t e n s i o n e d  b a r s  r a p i d  s p l i c i n g  o f  co lum n 
l e n g t h s  i s  r e a d i l y  a c h i e v e d  and t h e  s i z e  o f  i n d i v i d u a l  
p r e c a s t  c o n c r e t e  u n i t s  may be  k e p t  t o  r e a s o n a b l e  l i m i t s  
f o r  t r a n s p o r t i n g .
( e )  I n  m u l t i - s t o r e y  c o n s t r u c t i o n  t h e  d i r e c t  l o a d i n g  
n o r m a l ly  becom es i n c r e a s i n g l y  i m p o r t a n t  to w a rd s  t h e  b o t to m  
o f  t h e  c o lu m n , w h e re a s  t h e  moment f ro m  t h e  s l a b  c o n t r o l s
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t h e  d e s i g n  o f  t h e  u p p e rm o s t  l e n g t h s .  T hese  r e q u i r e m e n t s  
a r e  p r o v i d e d  w i t h  p r e t e n s i o n e d  co lum ns o r  co lum ns p o s t -  
t e n s i o n e d  s e p a r a t e l y  f o r  e a c h  f l o o r  h e i g h t ,  a s  t h e  t o p  
l e n g t h  h a s  t h e  g r e a t e s t  f l e x u r a l  s t r e n g t h  w h i l s t ,  due  t o  
l o s s e s  f ro m  l o a d i n g  s t r a i n ,  t h e  f l e x u r a l  r e s i s t a n c e  
r e d u c e s  and  e x t e r n a l  l o a d i n g  c a p a c i t y  i n c r e a s e s  t o w a r d s  
t h e  lo w e r  s e c t i o n s  o f  t h e  colum n s h a f t .
When l i f t  s l a b s  a r e  b e in g  r a i s e d  t h e  j a c k i n g  
d e v i c e s  a t  t h e  t o p  o f  t h e  co lum ns i m p a r t  n o m in a l  a x i a l  
l o a d i n g  and  t h e  u l t i m a t e  l o a d  c a r r y i n g  c a p a c i t y  i s  o f  
d i r e c t  im p o r t a n c e .
The u l t i m a t e  s t r e n g t h  o f  u n d e r  r e i n f o r c e d  
members s u b j e c t  t o  h i g h  moment, s u c h  a s  beams and co lum ns 
w i t h  l a r g e  e c c e n t r i c i t y  o f  l o a d i n g ,  may be  i n c r e a s e d  b y  t h e  
p r e s t r e s s  a l t e r i n g  t h e  t e n d e n c y  t o  p r i m a r y  ’' t e n s i o n "  f a i l u r e  
t o  a  " b a l a n c e d "  o r  " c o m p re s s io n "  f a i l u r e .  F o r  s l i g h t l y  
u n d e r  r e i n f o r c e d  m em bers, w here  t h e  " b a l a n c e d "  c o n d i t i o n  
i s  l i k e l y  t o  o c c u r  n e a r  f a i l u r e ,  any  p r e s t r e s s  w ould  n e e d  
t o  be a t  o r  o u t s i d e  t h e  "m id d le  t h i r d "  p o s i t i o n  t o  be o f  
a s s i s t a n c e  f o r  o t h e r w i s e  p r im a r y  c o m p r e s s io n  f a i l u r e  w ou ld  
r e s u l t  u n d e r  lo w e r  e x t e r n a l  l o a d i n g .
Common c a s e s  o f  g ro u p  a c t i o n  w h e re  an  a d d i t i o n  
o f  a n  e c c e n t r i c  p r e s t r e s s  w ould  be  b e n e f i c i a l ,  q u i t e  a p a r t  
f rom  t h e  e c o n o m ic s  o f  p r e c a s t i n g  m em bers , a r e  e x t e r n a l
18
colum ns f o r  m ost s i n g l e  s t o r e y  f r a m e s  an d  e l e v a t e d  r o a d s ,  
p i l e s  f o r  j e t t i e s  w here  s h i p  im p a c t  c a n  o c c u r  on  one s i d e  
o n l y ,  m o n o r a i l  t r a c k  s u p p o r t s ,  co lum ns c a r r y i n g  a  c r a n e  
g i r d e r ,  and  e x t e r n a l  co lum ns i n  m u l t i - s t o r e y  c o n s t r u c t i o n .  
I n  t h i s  l a s t  c a s e ,  t h e  e c c e n t r i c i t y  o f  p r e s t r e s s  may 
r e q u i r e  t o  be  v a r i e d  t o  a l l o w  f o r  c h a n g in g  s i g n  o f  t h e  
moment b e tw e e n  f l o o r s .
Where f l e x i b i l i t y  o f  t h e  w hole  s t r u c t u r e  i s  
r e q u i r e d  t o  r e s i s t  e a r t h q u a k e s  o r  s i m i l a r  n a t u r a l  phenom ena 
su c h  a s  h u r r i c a n e s ,  t h e  p r e s t r e s s e d  co lum n may w e l l  p r o v i d e  
a s a t i s f a c t o r y  s o l u t i o n .
The p r e s e n t  t r e n d  i n  a r c h i t e c t u r a l  r e q u i r e m e n t s  
i s  t o  demand e v e n  s m a l l e r  co lum n s i z e s  and g r e a t e r  e x p a n s e s  
o f  g l a z i n g  and  c u r t a i n  w a l l i n g .  F o r  m u l t i - s t o r e y  b u i l d i n g s ,  
t h e  a u t h o r  b e l i e v e s  s l e n d e r  p r e c a s t  p r e s t r e s s e d  c o n c r e t e  
co lum ns m ig h t  w e l l  be  s p a c e d  a t  t h e  s t a n d a r d  window m o d u le ,  
r e p l a c i n g  e x p e n s i v e  p r e c a s t  s t o n e  m u l l i o n s  (w h ic h  a r e  o f  
t h e  same o r d e r  o f  w i d t h  a s  t h e  co lum ns e n v i s a g e d )  and  
e l i m i n a t i n g  t h e  h e a v y  a r t i f i c i a l  s t o n e  f e a t u r e s  r e q u i r e d  
a t  12  t o  15  f o o t  c e n t r e s  t o  c o n c e a l  t h e  s t r u c t u r a l  co lu m n . 
The m ou lds  c o u ld  b e  d r e s s e d  w i t h  s p e c i a l  c o n c r e t e  t o  
p r o v i d e  a  f i n i s h  c o m p a ra b le  w i t h  a r t i f i c i a l  s t o n e  i f  
r e q u i r e d .
M ost o f  t h e  f o r e g o i n g  w ould  a p p ly  t o  p o s t - t e n s i o n d
i n  s i t u  and  p r e c a s t  p o s t - t e n s i o n e d  co lum ns a s  w e l l  a s  
p r e t e n s i o n e d  c o lu m n s .
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L ack  o f  i n f o r m a t i o n  i n  t h i s  f i e l d ,  t o g e t h e r  w i t h  
t h e  a f o r e m e n t io n e d  p r a c t i c a l  a p p l i c a t i o n s  f o r  p r e s t r e s s e d  
co lum ns w ere  c o n s i d e r e d  s u f f i c i e n t  t o  m e r i t  t h i s  
i n v e s t i g a t i o n .
1 .2  W ork ing  s t r e s s  and  u l t i m a t e  s t r e n g t h  a n a l y s i s .  I n  t h e  
e a r l i e s t  d a y s  o f  r e i n f o r c e d  c o n c r e t e  a ro u n d  t h e  t u r n  o f  t h e  
c e n t u r y ,  p ro m in e n t  p i o n e e r s  i n v e s t i g a t e d  t h e  u l t i m a t e  
s t r e n g t h  o f  c o n c r e t e  members and a  number o f  u l t i m a t e  
s t r e n g t h  t h e o r i e s  w ere  d e v e lo p e d  on an e x p e r i m e n t a l  b a s i s .
V a r i a t i o n s  i n  c o n c r e t e  s t r e n g t h ,  t h e  u n c e r t a i n  
n a t u r e  o f  t h e  c o n c r e t e  s t r e s s  d i s t r i b u t i o n ,  and  o t h e r  
f a c t o r s  s u c h  a s  s t r e s s  r e d i s t r i b u t i o n ,  p ro m o te d  t h e  g e n e r a l  
a d o p t i o n  o f  t h e  s t r a i g h t  l i n e  s t r e s s - s t r a i n  a s s u m p t io n  
w h ich  a l l o w e d  t h e  f o r m u l a t i o n  o f  s im p le  d e s i g n  r u l e s .
F o r  some 50 y e a r s ,  Codes o f  P r a c t i c e  r e s t r i c t e d  
E n g in e e r s  t o  d e s i g n  b a s e d  on w o rk in g  s t r e s s e s ,  a l t h o u g h  i t  
was w e l l  known t h a t  t h e  c o n d i t i o n s  a t  w o rk in g  l o a d s  d i d  n o t  
r e f l e c t  t h e  b e h a v i o u r  o f  a  s t r u c t u r e  a t  i n c i p i e n t  f a i l u r e .
As s u b s e q u e n t  r e s e a r c h  and  p r a c t i c e  c l a r i f i e d  
f a c t o r s  g o v e r n in g  a  c o n s i s t e n t  c o n c r e t e  s t r e n g t h ,  and  
r e i n f o r c e m e n t  w i t h  g u a r a n t e e d  c h a r a c t e r i s t i c s  became 
a v a i l a b l e ,  t h e  p e r m i s s i b l e  w o rk in g  s t r e s s e s  w ere  p e r i o d i c a l ^  
i n c r e a s e d .  W ith  l i n e a r  a n a l y s i s ,  t h e  t r u e  f a c t o r  o f  s a f e t y  
c a n n o t  be r e l i a b l y  p r e d i c t e d  s i n c e  t h e  r a t i o  o f  t h e  u l t i m a t e
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l o a d  t o  w o rk in g  l o a d  ( t h e  l o a d  f a c t o r )  b e a r s  no r e a l  
r e l a t i o n s h i p  t o  t h e  r a t i o  o f  f a i l u r e  s t r e s s  t o  w o rk in g  
l o a d  s t r e s s .
The l i n e a r  s t r e s s - s t r a i n  a s s u m p t io n  f o r  c o n c r e t e
re m a in e d  d o m in a n t  u n t i l  t h e  J o i n t  A m erican  C o n c r e t e
I n s t i t u t e  C o m m i t te e 's  re c o m m e n d a t io n  i n  194-0, l a r g e l y
7
i n f l u e n c e d  by  t h e  n o t a b l e  w orks o f  W hitney  and
c o
H o g n e s t a d ^ ’ , w h ich  l e d  t o  t h e  a d o p t i o n  o f  u l t i m a t e  
s t r e n g t h  d e s i g n  b y  t h e  A . C . I .  Code o f  P r a c t i c e  i n  194-1.
I n  1950  t h e  A m e ric an  C o n c r e te  I n s t i t u t e  Code 
add ed  t h e  f o l l o w i n g  a l l  i m p o r t a n t  p a s s a g e  "The u l t i m a t e  
s t r e n g t h  m etho d  o f  d e s i g n  may be u s e d  f o r  t h e  d e s i g n  o f  
a  r e i n f o r c e d  c o n c r e t e  m em ber."
Q 10  11I n  B r i t a i n  t h e  w orks o f  Cowan , B a k e r  * ,
12  13E vans , Thomas , a n d  o t h e r s  w ere  i n s t r u m e n t a l  i n  b r i n g i n g  
a b o u t  t h e  1957 r e v i s i o n  t o  t h e  B r i t i s h  Code o f  P r a c t i c e ,  
B .S .C .P .1 1 4 ,  t o  i n c o r p o r a t e  u l t i m a t e  l o a d  a s  an  a l t e r n a t i v e  
to  e l a s t i c  a n a l y s i s .
W ith  u l t i m a t e  l o a d  a n a l y s i s  t h e  l o a d  f a c t o r  may 
be  v a r i e d  t o  be c o n s i s t e n t  w i t h  t h e  l o a d i n g  c o n d i t i o n s ;  
h i g h e r  f o r  c r i t i c a l  members s u c h  a s  co lum ns o r  w here  t h e  
l o a d i n g  i s  u n c e r t a i n ,  lo w e r  f o r  . d e f i n i t e  l o a d i n g  o r  w here  
t h e  r a t i o  o f  d e a d  t o  l i v e  l o a d  i s  h i g h .
A d d i t i o n s  t o  t h e  l o a d  f a c t o r  may a l s o  b e  made 
f o r  s p e c i a l  d e s i g n  r e q u i r e m e n t s  su c h  a s  f o r  s e i s m i c
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r e s i s t a n c e .
W h e th e r  t h e r e  i s  a  c o s t  s a v i n g  f o r  a  p a r t i c u l a r  
member d e s i g n e d  w i t h  l o a d  f a c t o r  m e th o d s ,  com pared  w i t h  
l i n e a r  a n a l y s i s ,  d e p e n d s  on th e  com bined  l o a d  f a c t o r  u s e d .
F o r  t h e  f o r e g o i n g  r e a s o n s , and  e x c e p t i n g  t h e  
e s t i m a t i o n  o f  s t r a i n  p a t t e r n  and  d e f l e c t i o n  due t o  r e l e a s e  
o f  p r e s t r e s s ,  C h a p te r s  7«5 and  7 « 6 , o n l y  u l t i m a t e  
c o n d i t i o n s  a r e  c o n s i d e r e d  i n  t h e  s u b s e q u e n t  a n a l y s i s .
1 . 3  Column t h e o r i e s .
f a )  The a x i a l l y  lo a d e d  co lum n .
The f i r s t  m a jo r  c o n t r i b u t i o n  t o  t h e o r y  f o r  
co lum n s t r e n g t h  was t h e  t r e a t i s e  by  L e o n a rd  E u l e r  i n  1757*
I n  i t s  o r i g i n a l  fo rm  E u l e r ' s  f o r m u la  f o r  a x i a l l y  
loaded co lu m ns was n o t  r e s t r i c t e d  t o  t h e  e l a s t i c  r a n g e ,  a s
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shown b y  p a r t  o f  E u l e r ' s  p a p e r  q u o te d  b y  S h a n le y  :
"To b e g i n  w i t h  I  s h o u ld  i n d i c a t e  t h a t  t h e  moment i s  
n o t  l i m i t e d  t o  e l a s t i c  b o d i e s  among w h ic h  we h a v e  
good r e a s o n  t o  d o u b t  t h a t  t h e  colum n c o u ld  be  i n c l u d e d .  
I t  c o n c e r n s  i n  e s s e n c e  a  f o r c e  b y  w h ich  an y  body  
r e s i s t s  a  c h a n g e  i n  c u r v a t u r e ,  and  i t  i s  t o t a l l y  
i m m a t e r i a l  w h e th e r  su c h  a  b o d y ,  a f t e r  f l e x u r e ,  i s  
endowed w i t h  a  f o r c e  t o  r e - e s t a b l i s h  i t s  o r i g i n a l  
sh a p e  o r  n o t .  F o r  t h i s  r e a s o n  we m ig h t  p r e f e r a b l y  
d e s i g n a t e  t h i s  moment a s  s t i f f n e s s  moment b e c a u s e
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i t  o c c u r s  i n  a l l  b o d i e s  t h a t  r e s i s t  f l e x u r e ,  w h e th e r  
t h e y  a r e  e l a s t i c  o r  n o t , "
E u l e r ’ s "moment" c o n t a i n e d  t h e  p r o d u c t  Ek w here  
k was t h e  sh a p e  p a r a m e t e r  and  E th e  m odu lus  o f  e l a s t i c i t y ;  
Y oung’ s m od u lus  and  t a n g e n t  m odulus w ere  unknown a t  t h a t  
t im e  and  a  w ide  i n t e r p r e t a t i o n  i n  t h e  d e f i n i t i o n  o f  E 
was a p p a r e n t .
I n  1889 E n g e s s e r  s u g g e s t e d  t h a t  E be c o n s i d e r e d  
a s  t h e  s l o p e  o f  t h e  c o m p r e s s iv e  s t r e s s - s t r a i n  d ia g ra m  
( e . g .  E^ _ * t a n g e n t  m o d u lu s )  and t h a t  t h e  k  t e r m  be 
r e p l a c e d  by  t h e  se c o n d  moment o f  a r e a  o f  t h e  c r o s s  s e c t i o n ,  
t o  g i v e  t h e  a x i a l  b u c k l i n g  l o a d ,  P-g, f o r  a  p i n  en d ed  colum n 
o f  l e n g t h  L i n  t h e  g e n e r a l i z e d  f o r m : -
= ,Q . . . . . 1 . 1
T h eo d o r  von  Karman a l s o  s u g g e s t e d  t h i s
g e n e r a l i z a t i o n  a l i t t l e  b e f o r e  E n g e s s e r  i n  a  p a p e r  w r i t t e n  
15i n  H u n g a r ia n  .
x 77I n  1891 C o n s i d e r e d  p r o p o s e d  t h e  d o u b le  m odu lus  
o r  r e d u c e d  m od u lus  t h e o r y  and  i n  1 9 0 9 , a f t e r  c a r e f u l  t e s t s ,  
Karman p u b l i s h e d  a  p a p e r  s u p p o r t i n g  t h i s  p r o p o s a l .
I t  was n o t  u n t i l  194-7 t h a t  S h a n l e y ^ ’ ^  p o i n t e d  
o u t  t h a t  t h e  r e d u c e d  m odulus s o l u t i o n  assum ed  t h e  a x i a l  l o a d  
c o n s t a n t  w h i l s t  t h e  moment i n c r e a s e d ,  t o  c a u s e  r e v e r s a l  o f  
s t r a i n  on t h e  t e n s i o n  s i d e  o f  t h e  member, w h e re a s  i t  was
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p o s s i b l e  f o r  t h e  a x i a l  l o a d  t o  i n c r e a s e  s u f f i c i e n t l y  t o
14 16e l i m i n a t e  t h i s  s t r a i n  r e v e r s a l .  S h a n le y  * a l s o  showed
t h a t  t h e  t a n g e n t  m odu lus  c o r r e c t l y  p r e d i c t e d  t h e  l o a d  a t
i n c e p t  o f  b u c k l i n g  o f  a p e r f e c t l y  s t r a i g h t  co lum n w h i l s t
t h e  maximum l o a d ,  a s  t h e  b e n d in g  i n c r e a s e d ,  was g i v e n  by
t h e  d o u b le  m odulus  t h e o r y .
* yKarman s u p p o r t e d  S h a n l e y ' s  f i n d i n g s  and  i n  a  
w r i t t e n  d i s c u s s i o n  t o  one o f  S h a n l e y ' s  p a p e r s  s t a t e d :
”As I  h a v e  shown i n  my p a p e r  o f  1 9 0 9 , a l s o  t h e  l o a d  
d e f l e c t i o n  c u rv e  t h a t  s t a r t s  f ro m  t h e  u p p e r  l i m i t i n g  l o a d  
i n  g e n e r a l  so o n  a ssu m e s  a  n e g a t i v e  s l o p e .  C o n s e q u e n t ly ,  
i t  i s  d i f f i c u l t  t o  d e te r m i n e  t h e  a c t u a l  p e a k  o f  t h e  a x i a l  
l o a d .  I t  w i l l  c e r t a i n l y  be  b e tw e e n  t h e  two v a l u e s  t h a t  
c o r r e s p o n d  t o  t h e  t a n g e n t  and  r e d u c e d  m odulii. T hese  two 
v a l u e s  c an  be d e s i g n a t e d  a s  t h e  lo w e r  and u p p e r  l i m i t s  o f  
t h e  c r i t i c a l  l o a d . "
C e r t a i n  l i m i t a t i o n s  o f  e q u a t i o n  1 . 1  m ust be  b o r n  
i n  m ind : o n ly  p r i m a r y  b e n d in g  i s  i n v o l v e d ,  d i r e c t  s t r e s s
and  b e n d in g  f ro m  l o c a l  i n s t a b i l i t y  a r e  i g n o r e d  and t h e  
r a n g e  o f  a p p l i c a t i o n  i s  t h e r e f o r e  s t r i c t l y  l i m i t e d  t o  
co lum ns w here  t h e s e  f a c t o r s  may be  o f  m in o r  i m p o r t a n c e ,  
s a y  f o r  L^  r a t i o s  i n  e x c e s s  o f  1 0 0 . A lso  t h e  assum ed  
c e n t r a l  l o a d i n g ,  i n i t i a l  p e r f e c t  s t r a i g h t n e s s  and  a  homo­
g e n e o u s  m a t e r i a l ,  a r e  h y p o t h e t i c a l  c o n d i t i o n s  o b t a i n e d  
o n ly  r a r e l y ,  i f  e v e r  i n  p r a c t i c e .
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A lth o u g h  some o f  t h e s e  l i m i t a t i o n s  w ere  r e a l i s e d ,  
p r e d i c t i o n  o f  co lum n l o a d  c a r r y i n g  c a p a c i t y  b y  c o n s id e r a t i o n  
o f  t h e  m a t e r i a l  c h a r a c t e r i s t i c  and s e c t i o n  p r o p e r t i e s  a t  a 
s i n g l e  c r i t i c a l  s e c t i o n  h e l d  g r e a t  a p p e a l  f o r  e n g i n e e r s  
a n d ,  f ro m  e a r l y  i n  t h e  1 9 t h  c e n t u r y  t o  t h e  p r e s e n t  d a y ,  
a p p l i c a t i o n s  o f  a  m o d i f i e d  fo rm  o f  e q u a t i o n  1 , 1  h a v e  b e e n  
a p p l i e d  t o  n o n -h om ogeneo us  r e i n f o r c e d  c o n c r e t e  c o lu m n s .
The i n d i v i d u a l  e f f e c t s  o f  c o n c r e t e  and  s t e e l  w ere  
com bined  b y  a s su m in g  a  f i x e d  r a t i o  o f  e l a s t i c  m odulii  and 
s u b s t i t u t i n g  a  t r a n s f o r m e d  o r  “e q u i v a l e n t “ i n e r t i a  I  f o r  
I .  Many t e x t s  a l s o  i n s e r t e d  t h e  i n i t i a l  t a n g e n t  m odu lus  Eq 
f o r  t h e  t a n g e n t  m odulus E^ t h u s  r e d u c i n g  t h e  e q u a t i o n  t o  a  
p u r e l y  l i n e a r  c o n c e p t  an d  t h e r e b y  g r e a t l y  m i s q u o t i n g  E u l e r  
by a p p ly i n g  h i s  name t o  t h e  r e s u l t i n g  fo rm .
Even f o r  r e a s o n a b l y  hom ogeneous m a t e r i a l s  w i t h  a
s t r e s s - s t r a i n  c h a r a c t e r i s t i c  a p p ro a c h in g  t h e  i d e a l i s e d
c o n s t a n t  s l o p e  t o  y i e l d  p o i n t ,  e q u a t i o n  1 . 1  h a s  l i m i t e d
79a p p l i c a t i o n .  R e c e n t  t e s t s  a t  L e h ig h  U n i v e r s i t y  , w h i l s t  
c o n f i r m in g  f a i r  a g re e m e n t  f o r  r e c t a n g u l a r  s t e e l  s e c t i o n s  
u n d e r  i d e a l  l a b o r a t o r y  c o n d i t i o n s ,  show t h a t  f o r  t h e  m o st 
common s t r u c t u r a l  s t e e l  s e c t i o n ,  t h e  r o l l e d  s t e e l  j o i s t ,  
t h e  a c t u a l  s t r e n g t h  may be w e l l  b e lo w  th e  “E u l e r ” b u c k l i n g
25
v a lu e  due t o  r e s i d u a l  s t r e s s e s .
F o r  r e c t a n g u l a r  s e c t i o n s  i n  r e i n f o r c e d  c o n c r e t e  
w i th  s m a l l  p e r c e n t a g e s  o f  r e i n f o r c e m e n t ,  e q u a t i o n  1 . 1  may 
g i v e  t h e  b u c k l i n g  l o a d ,  u n d e r  r a p i d  t e s t ,  t o  a c c e p t a b l e  
a c c u r a c y  p r o v i d e d  t h e  t a n g e n t  m odu lus  o f  t h e  l o a d i n g  s t r e s s -  
s t r a i n  d ia g r a m ,  o b t a i n e d  fro m  t e s t s  o f  s h o r t  d u r a t i o n ,  i s  
u s e d .
S in c e  c o n c r e t e  u n d e r  l o a d  i s  n o t  s t a b l e  w i t h  t i m e ,j *
c r e e p ,  p l a s t i c  d e f o r m a t i o n  and r e d i s t r i b u t i o n  o f  l o a d i n g  
b e tw e e n  r e i n f o r c e m e n t  and c o n c r e t e  c o n s t a n t l y  t a k e  p l a c e  
and  t h e r e f o r e  e q u a t i o n s  c o n t a i n i n g  h a v e  l i m i t e d  v a l u e .  
A lso  t h e  E u l e r  c o n c e p t  a ssu m es  a  s t r u t  t o  r e m a in  p e r f e c t l y  
s t r a i g h t  u n t i l  t h e  b u c k l i n g  l o a d  i s  r e a c h e d  when su d d e n  
b u c k l i n g  an d  c o l l a p s e  o c c u r s ,  w i t h o u t  any  i n t e r m e d i a t e  
s t a g e  o f  e q u i l i b r i u m .  I n  f a c t ,  f u r t h e r  l o a d i n g  may be  
r e q u i r e d  t o  m a i n t a i n  t h e  sh a p e  o r  p r o d u c e  f a i l u r e  i n  a  
lo n g  co lum n  when t h e  d e p a r t u r e  f ro m  t h e  s t r a i g h t  i s  w e l l  
d e f i n e d .
Many e m p i r i c a l  f o r m u la e  hav e  b e e n  i n t r o d u c e d  t o  
c o v e r  t h e  c a s e  o f  s l e n d e r  co lum ns o f  w h ich  t h e  R a n k in e -  
Gordon f o r m u la  i s  t y p i c a l : -
C r i p p l i n g  Load P =* Af • . . .  1 .2
r r x r g p
w here  f  i s  t h e  y i e l d  p o i n t  o f  t h e  m a t e r i a l  i n  c o m p r e s s io n ,  
k  t h e  l e a s t  r a d i u s  o f  g y r a t i o n  and  ^ 2 * i s  a  c o n s t a n t
26
d e p e n d e n t  on  t h e  end c o n d i t i o n s  and th e  m a t e r i a l .  T h is  
e q u a t i o n  r e d u c e s  t o  t h e  “E u l e r ” fo rm  f o r  lo n g  co lu m ns and  
t o  a  c r i t i c a l  s t r e s s  c r i t e r i o n ,  A f ,  f o r  v e r y  s h o r t  c o lu m n s .
T e s t s  i n  1930 on r e i n f o r c e d  co lum ns a t  t h e
18 19U n i v e r s i t y  o f  I l l i n o i s  , L e h ig h  U n i v e r s i t y  , and  i n  1938
4- 20by  Thomas * i n  t h i s  c o u n t r y ,  l e d  t o  t h e  d e v e lo p m e n t  o f  
t h e  w e l l  known u l t i m a t e  l o a d  f o r m u la  f o r  s h o r t  a x i a l l y  
l o a d e d  c o lu m n s : -
i
P„ » .85 U  (A -  A ) + f i  „ ,o e g  s y s  . . . . 1 . 3
w h ere  A_ * g r o s s  a r e a  o f  s e c t i o n ,  g
A * t o t a l  a r e a  o f  s t e e l ,  s
f ^  = c y l i n d e r  s t r e n g t h  o f  c o n c r e t e ,  c
f  = y i e l d  s t r e s s  o f  s t e e l .
T h is  f o r m u la  was su bsequ en tly  a d o p te d  i n  many 
21 22c o d e s  o f  p r a c t i c e  9 ’ i n c l u d i n g  t h e  B r i t i s h  Code h u t
w i t h  t h e  s u b s t i t u t i o n  o f  s a f e  s t e e l  and  c o n c r e t e  s t r e s s e s  
and w i t h  a  " s h o r t ” co lum n d e f i n e d  a s  t h a t  h a v in g  a  r a t i o  
o f  l e n g t h  t o  l e a s t  l a t e r a l  d im e n s io n  o f  l e s s  t h a n  1 3 * I h e  
. 8 3  f a c t o r ,  w h ic h  i s  d i s c u s s e d  l a t e r ,  was i n s e r t e d  a s  i t  
was fo u n d  t h a t  r e g a r d l e s s  o f  t h e  l o a d i n g  h i s t o r y ,  o n ly  
a b o u t  83  p e r  c e n t  o f  t h e  c y l i n d e r  s t r e n g t h  was r e a c h e d .
T h is  was t h o u g h t  t o  be due  to  l e s s  i d e a l  c o m p a c t io n  o f  t h e  
c o n c r e t e  i n  t h e  co lum n  com pared  w i t h  c y l i n d e r s ,  t h e
d i f f e r e n t  m ethod  o f  p l a c i n g  t h e  c o n c r e t e  ( v e r t i c a l  i n  
c y l i n d e r s ;  p o s s i b l y  h o r i z o n t a l  i n  t e s t  c o lu m n s ) ,  d i f f e r e n t  
end e f f e c t s  and  r e s t r a i n t s  and p a r t i c u l a r l y  t h e  r e d u c t i o n  
i n  a p p a r e n t  s t r e n g t h  due t o  t h e  s lo w e r  r a t e  o f  lo a d in g *  
u s e d  i n  co lum n t e s t s .
I t  i s  d o u b t f u l  i f  any  p r a c t i c a l  co lum n s h o u ld  
e v e r  be d e s i g n e d  f o r  z e ro  e c c e n t r i c i t y  o f  l o a d i n g  e x c e p t
p e r h a p s  f o r  i n t e r n a l  co lum ns w i th  s y m m e t r i c a l  r o o f  l o a d i n g/ ■
w here  any  s u p e r im p o s e d  l o a d i n g  w ould  be g e n e r a l l y  u n i f o r m .
27)Some Codes o f  P r a c t i c e  y r e c o g n i s e  t h i s  b y  s u g g e s t i n g  a  
minimum l o a d i n g  e c c e n t r i c i t y  o f  one t e n t h  o f  t h e  s e c t i o n  
d e p th  i n  t h e  d i r e c t i o n  o f  b e n d in g  f o r  t h e  t i e d  co lu m n .
Such  a  r e q u i r e m e n t  i n v a l i d a t e s  e q u a t i o n  1 . J  a l t h o u g h  i t  i s  
r e c o g n i s e d ,  f o r  v e r y  s h o r t  c o lu m n s ,  t h a t  t h e  u l t i m a t e  l o a d  
c o n s i s t e n t l y  c o n fo rm s  t o  t h e  v a l u e  g i v e n  by  t h i s  e q u a t i o n  
w h ich  a l s o  h a s  s i g n i f i c a n c e  a s  a  l i m i t i n g  c a s e  i n  u l t i m a t e  
s t r e n g t h  a n a l y s i s .
/i 2 pr\
Thomas showed t h a t  t h e  s t r e n g t h  o f  a x i a l l y
lo a d e d  lo n g  r e i n f o r c e d  c o n c r e t e  c o lu m n s ,  f a i l i n g  b y  p r im a r y  
c o m p r e s s io n ,  c o u ld  b e  s a t i s f a c t o r i l y  e s t i m a t e d  f ro m  a 
f o r m u la  o f  t h e  P e r r y  R o b e r t s o n  ty p e  commonly a d o p te d  f o r  
s t e e l  s t a n c h i o n s ,  i n  w h ich  Thomas a l lo w e d  f o r  a c c i d e n t a l  
i n i t i a l  c u r v a t u r e  w h ic h  he  assum ed  t o  be  s i n u s o i d a l .
T h is  gave  a  r e d u c t i o n  f a c t o r  R o f ; -
28
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w h ic h  t r a n s f o r m e d  t o : -
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2 /  4o c v
w here  Z * /  P a n d  n  was a  f a c t o r  d e p e n d in g  on t h eJ2j / 4 \J
I
i n i t i a l  e c c e n t r i c i t y  o r  c u r v a t u r e  o f  t h e  co lum n .
The two r e l a t i o n s h i p s ;  n  * .001  f o r  c a r e ­
f u l l y  p r e p a r e d  l a b o r a t o r y  s p e c im e n s ,  and n  * . 0 0 3  ^ / k ,  a s  
recom m ended by  t h e  1933 Code o f  P r a c t i c e  by  t h e  R e in f o r c e d  
C o n c r e te  S t r u c t u r e s  C o m m itte e ,  c o r r e s p o n d e d  roughfer t o
T
a c c i d e n t a l  e c c e n t r i c i t i e s  o f  / 2 0 0 0  and  / 6 6 0  r e s p e c t i v e l y
and  a r e  com pared  w i t h  e x p e r i m e n t a l  d a t a  i n  P ig  9*1*
( b )  Members s u b j e c t  t o  e c c e n t r i c  l o a d i n g .
The t h e o r e t i c a l  u l t i m a t e  l o a d  a n a l y s i s  o f  " s h o r t ”
Columns w i t h  e c c e n t r i c  l o a d i n g  h a s  b e e n  d e r i v e d  f ro m
7
f l e x u r a l  t h e o r i e s  b a s e d  on  n o t a b l e  w orks  o f  W h itn ey  ,
5 24H o g n e s ta d  * and  B a k e r  t o  m e n t io n  b u t  few .
M ost a n a l y s e s  d e p en d  on t h e  s o l u t i o n  o f  e q u a t i o n s
f o r  t h e  e q u i l i b r i u m  o f  f o r c e s  and moments a t  a  c r i t i c a l
s e c t i o n ,  u s i n g  an  a ssum ed  s t r e s s  b l o c k  and  an i d e a l i s e d
s t r e s s - s t r a i n  r e l a t i o n s h i p  f o r  t h e  r e i n f o r c e m e n t .  A
c o m p re h e n s iv e  s t u d y  o f  t h e  s t r e s s  b l o c k s  and r e l a t e d
29
e q u a t i o n s  u s e d  up  t o  1950 was made by  H o g n e s ta d ^  and  a p a r t  
f ro m  c o n f i r m a t i o n  o f  H o g n e s ta d * s  own s t r e s s  b l o c k  by
o
H o g n e s ta d ,  H anson and  McHenry t h e  o n ly  f u r t h e r  c o n t r i ­
b u t i o n  o f  n o t e  h a s  b e e n  t h e  two r e p o r t s  o f  t h e  E u ro p e a n  
C om m ittee  made b y  B a k e r ^ ’^ .
F o r  f a i l u r e  i n  t e n s i o n  o f  c o n c r e t e  co lum n s w i t h  
m i ld  s t e e l  r e i n f o r c e m e n t ,  a s su m in g  e q u a l  a r e a s  o f  t e n s i o n  
and, c o m p r e s s io n  s t e e l  b o t h  a t  th e  y i e l d  p o i n t  s t r e s s ,  t h e
i
two e q u i l i b r i u m  e q u a t i o n s  c o r r e s p o n d  t o  e q u a t i o n s  7*1 and
7 . 2  w i t h  t h e  p r e s t r e s s i n g  f o r c e  o m i t t e d  and  t h e y  r e d u c e  t o  
27t h e  fo rm  ( : -
P„ = bd  f ; "  
u  c
k.
/ ( e 1 -  1 ) 2 + 4  K2 P f y  d 1 - ( e 1 -  1 )J ~d K-| -11  d d 1 . 4
7F o r  beam s W h itn ey  assum ed  a  m a t h e m a t i c a l l y
e q u i v a l e n t  r e c t a n g u l a r  s t r e s s  b l o c k  and  o b t a i n e d  an  
e q u a t i o n  s i m i l a r  t o  1 . 4
I n  t h e  m a j o r i t y  o f  t h e o r i e s  f o r  u n d e r  r e i n f o r c e d  
b e am s, w h e re  t h e  s t r e n g t h  i s  l i m i t e d  b y  t e n s i o n ,  t h e  
u l t i m a t e  moment i s  o b t a i n e d  d i r e c t l y  f ro m  two e q u i l i b r i u m  
e q u a t i o n s  t o  t a k e  t h e  f o r m : -
M = A* y  (1 -  -%2_ 2 £ z )  ------
u  s  y  k , k ,  -11 3 f c
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w here  d =« d i s t a n c e  f ro m  e x tre m e  c o m p r e s s iv e  f i b r e s  t o  t h e  
c e n t r o i d  o f  t e n s i l e  r e i n f o r c e m e n t ,
k f ,  k £ ,  k j  r e l a t e  t o  th e  assum ed  s t r e s s  b l o c k  ( d i s c u s s e d
i n  s e c t i o n  7 * 3 )  and  P -  r a t i o  o f  r e i n f o r c e m e n t  t o
s e c t i o n a l  a r e a  » As .
b t
A s i m i l a r  fo fm  nay  be d e d u c e d  f o r  p r e s t r e s s e d  
beam s i n  w h ich  m i ld  s t e e l  r e i n f o r c e m e n t  i s  commonly i g n o r e d ,  
t h e  u l t i m a t e  s t r e s s  o f  t h e  p r e s t r e s s i n g  e le m e n t  i s  s u b s t i ­
t u t e d  f o r  f  ( s i n c e  a  c l e a r l y  d e f i n e d  y i e l d  p o i n t  r a r e l y  
e x i s t s  f o r  h i g h  t e n s i l e  s t e e l s )  and t h e  moment e q u a t i o n
i s  c o n s i d e r e d  a b o u t  t h e  p r e s t r e s s i n g  s t e e l .  T h is  t y p e  o f
28e q u a t i o n  h a s  r e c e n t l y  b e e n  c r i t i c i s e d  by  R usch  , due  t o  
t h e  e x c l u s i o n  o f  a  c o m p a t i b i l i t y  e q u a t i o n  who s t a t e d  
" s u c h  f o r m u la  c a n n o t  do j u s t i c e  t o  th e  p ro b le m  o f  p r e ­
s t r e s s i n g  b a s e d  i t s e l f  on a  p r e - d e f o r m a t i o n  o f  t h e  s t e e l  
. . . .  c a n  o n l y  y i e l d  s a t i s f a c t o r y  r e s u l t s  i n  t h e  r a n g e  o f  
u n d e r  r e i n f o r c e d  b e am s, w here  i t  i s  s u f f i c i e n t  t o  e s t i m a t e  
t h e  l e v e r  arm  o f  t h e  i n t e r n a l  f o r c e s  a p p r o x i m a t e ly  . . . .  
t h e  r a n g e  o f  o v e r  r e i n f o r c e d  s e c t i o n s  o c c u r  more f r e q u e n t l y  
t h a n  i s  g e n e r a l l y  a s su m e d .  I t  i s  u s u a l l y  o v e r lo o k e d  t h a t  
a l l  s t r u c t u r e s  w h ich  a r e  lo a d e d  s i m u l t a n e o u s l y  by  a 
b e n d in g  moment and  a  c o m p r e s s iv e  f o r c e  l i e  w i t h i n  t h i s  
r a n g e . "
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F o r  p r i m a r y  c o m p re s s io n  f a i l u r e s  and f o r  members
27w ith , h i g h  t e n s i l e  s t e e l  r e i n f o r c e m e n t  n o t  e x h i b i t i n g  a  
d e f i n e d  y i e l d  p o i n t ,  c o n s i d e r a t i o n  o f  t h e  s t r a i n  d ia g ra m  
i s  g e n e r a l l y  n e c e s s a r y ,  ev en  f o r  s m a l l  p e r c e n t a g e s  o f  
r e i n f o r c e m e n t ,  and  a  c o m p a t i b i l i t y  e q u a t i o n  i s  r e q u i r e d  
t o  r e l a t e  n e u t r a l  a x i s  d e p t h  and  f o r c e s  i n  t h e  s t e e l .
A n o t a b l e  e x c e p t i o n  t o  t h i s  was t h e  a n a l y s i s  o f
7
W h itn e y '  who made no a s s u m p t io n  r e g a r d i n g  u l t i m a t e  s t r a i n ,  
o r  l i n e a r  s t r a i n  d i s t r i b u t i o n ,  n e i t h e r  d i d  he i n c l u d e  a 
c o m p a t i b i l i t y  e q u a t i o n  f o r  c o m p r e s s io n  f a i l u r e s .  From 
t e s t s  W h itn ey  a ssum ed  a  l i m i t i n g  v a l u e  f o r  t h e  r a t i o  o f  
s t r e s s  b l o c k  d e p t h  a ^ - ( s e e  F i g s .  7*1 an& 7*3)> t o  t h e  
d e p t h  o f  t h e  t e n s i l e  s t e e l  d a s  .5 3 7  w h ic h ,  by  a d d in g  
c o m p r e s s iv e  s t e e l  a t  f u l l  y i e l d  s t r e s s ,  l e a d  t o  t h e  
e q u a t i o n  f o r  t h e  u l t i m a t e  moment i n  co lum ns o f : -
. -  : « MU - PU <e + d -  t)  - 1 bd2f d + Al a1 . . .  1.6
’  2 3
. .1
t r a n s p o s i n g  e q u a t i o n  1 . 6  w i t h  d = ti + a  gave
2
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B e c a u se  o f  i t s  d e r i v a t i o n ,  W h itn ey  s t a t e d  t h a t  
e q u a t i o n  1 . 7  a p p l i e d  o n ly  "when t h e  e c c e n t r i c i t y  o f  t h e  l o a d
32
i s  g r e a t e r  t h a n  t h e  e c c e n t r i c i t y  o f  t h e  r e s i s t i n g  f o r c e s  
i n  t h e  c o m p r e s s iv e  s i d e  o f  t h e  s e c t i o n . ’1
H o g n e s ta d ^ ,  E v a n s ^  and  o t h e r s ^ ^  m o d i f i e d  
e q u a t i o n  1 ,7  t o  c o v e r  s n a i l  l o a d  e c c e n t r i c i t i e s ,  b y  
e q u a t i n g  t h e  s e c o n d  c o n c r e t e  s t r e n g t h  t e r n  t o  t h e  c o n c r e t e  
s t r e n g t h  f ro m  e q u a t i o n  1*3? w i t h  z e ro  l o a d i n g  e c c e n t r i c i t y  
( a x i a l ) ,  t o  g i v e  1 .1 7 8  f o r  th e  se c o n d  t e r n  i n  t h e
d e n o m in a to r  o f  e q u a t i o n  1 .7*
)
( c ) S l e n d e r n e s s .
F o r  c e n t r a l  l o a d i n g ,C o d e s  o f  P r a c t i c e  '  t a k e  
s l e n d e r n e s s  i n t o  a c c o u n t  by  r e d u c i n g  t h e  s h o r t  co lum n 
s t r e n g t h  F , by  a  f a c t o r  R, t o  g iv e  u l t i m a t e  l o a d  c a p a c i t y  
? u , t h u s : -
P = R P  = P ( 1 . 6  -  .0 4  £  ) . . .  1 . 8u  o o d
B ro n s  and  V i e s t  fo u n d  t h e  r e d u c t i o n  f a c t o r ,  R , w h ic h
b e s t  f i t t e d  e x p e r i m e n t a l  r e s u l t s  was
R = Fu « 1 .3 3  .0 2 5  l y ^  . . .  1 .9
o
The c u r r e n t  A m e ric an  C o n c r e te  I n s t i t u t e  B u i l d i n g  
C o d e ^  recom m ended t h i s  r e d u c t i o n  f a c t o r  be  a p p l i e d  t o  a l l  
co lum ns w i t h  an  I y ^  r a t i o  e x c e e d in g  1 0 .  The a u t h o r  
e n d o r s e s  t h i s  t r e n d  t o  a p p ly  r e d u c e d  s t r e n g t h ,  com pared  
w i t h  e q u a t i o n  1 * 3 ,  t o  co lum ns s h o r t e r  t h a n  t h o s e  p r o p o s e d
33
?iby  t h e  B r i t i s h  Code o f  P r a c t i c e  w h ic h  s t a t e s  t h a t  no 
r e d u c t i o n  f a c t o r  i s  r e q u i r e d  f o r  r e c t a n g u l a r  co lum ns b e lo w
T
an  L v a l u e  o f  15 (g  = 3 0 ) .  T h is  i m p l i e s  t h a t  no b u c k l i n g
f a i l u r e  o c c u r s  i n  t h i s  r a n g e  w h ich  i s  t h o u g h t  t o  be to o
r *50o p t i m i s t i c .  P r e n t i s  & K oss c o n f i r m  t h i s  v iew : 
" E x p e r im e n ts  seem t o  show, h o w e v e r ,  t h a t  t h e  b e n d in g  
e f f e c t s  a r e  s e n s i b l e  i n  a l l  co lum ns e x c e p t  t h o s e  t h a t  a r e
v e r y  s q u a t . "  I n  t h e  v e r y  s l e n d e r  r a n g e ,  t h e  r e d u c t i o n\
f a c t o r s  g i v e n  i n  t h e  B r i t i s h  Code o f  P r a c t i c e  f o r  L 
v a l u e s  f ro m  80 t o  1 5 0 , a l t h o u g h  h i g h e r  t h a n  e q u a t i o n s  
1 . 8  o r  1 . 9  ( P i g  9*1)>  a r e  t h o u g h t  t o  be to o  p e s s i m i s t i c .  
T h is  i s  o f  l i t t l e  im p o r ta n c e  f o r  r e i n f o r c e d  c o n c r e t e  s i n c e  
any  e r r o r  i s  t o w a r d s  S a f e t y  and  co lum ns w i t h  an  Iy^. o f  
o v e r  100 a r e  r a r e l y  u s e d  i n  p r a c t i c e .  F o r  p r e s t r e s s e d  
c o lu m n s ,  h o w e v e r ,  t h i s  i s  a  l i k e l y  r a n g e .
W ith  l o n g  e c c e n t r i c a l l y  l o a d e d  c o lu m n s ,  g e n e r a l l y  
d e f i n e d  a s  h a v in g  a  l e n g t h  t o  l e a s t  l a t e r a l  d im e n s io n  r a t i o  
e x c e e d in g  15 ( o r  Iy^. g r e a t e r  t h a n  5 0 )» d e f l e c t i o n  c a n n o t  
be  i g n o r e d  w ithQ U t s e r i o u s  o v e r  e s t i m a t i o n  o f  t h e  
u l t i m a t e  l o a d .
T h e o r i e s  b a s e d  on e q u a t i o n s  o f  e q u i l i b r i u m  and 
u l t i m a t e  s t r a i n  n o r m a l ly  make a l lo w a n c e  f o r  s l e n d e r n e s s  by  
a s su m in g  a  d e f l e c t e d  fo rm  f o r  t h e  member u n d e r  u l t i m a t e  
c o n d i t i o n s ,  and  r e l a t i n g  t h e  l e n g t h ,  n e u t r a l  a x i s  d e p t h ,
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u l t i m a t e  s t r a i n  ( o r  s t r a i n  on o p p o s i t e  f a c e s  and t h e  
d i s t a n c e  b e tw e e n  them ) t o  t h e  m i d - h e ig h t  d e f l e c t i o n .
T h is  d e f l e c t i o n  i s  t h e n  ad d ed  t o  e c c e n t r i c i t y  o f  th e  
l o a d i n g  i n  t h e  e q u i l i b r i u m  e q u a t i o n s .
T h is  m ethod was u s e d  b y  H o g n e s ta d ^  f o r  a n a l y s i n g  
48  s h o r t  co lum ns ( I y ^  t 7 . 5 )  and  B rons and  V i e s t ^  
i n v e s t i g a t e d  127 e x p e r i m e n t a l  r e s u l t s  o f  s i x  i n v e s t i g a t o r s
^and fo u n d  c l o s e  a g re e m e n t  w i t h  t h e o r e t i c a l  v a l u e s ,  f o r
)
b o t h  lo n g  and  s h o r t  c o lu m n s . ( I y ^  = 7*5 t o  4 0 ) .
I n  a  l a t e r  p a p e r  Broms and V i e s t * ^  showed t h a t  
e v en  f o r  s h o r t  c o lu m n s ,  o f  s l e n d e r n e s s  r a t i o  a s  l i t t l e  a s  
Jj^  -  5* t h e  u l t i m a t e  s t r e n g t h  was a b o u t  95 p e r  c e n t  o f  
t h e  c a l c u l a t e d  s t r e n g t h  f o r  I y ^  = 0 ,  b a s e d  on i n i t i a l  
e c c e n t r i c i t y ,  t h i s  u l t i m a t e  s t r e n g t h  b e in g  d e c r e a s e d  t o  
84  p e r  c e n t  f o r  I y ^  « 1 0 .
S o l u t i o n  o f  e q u i l i b r i u m  and  c o m p a t i b i l i t y  
e q u a t i o n s ,  i n c o r p o r a t i n g  a  s t r a i n  c r i t e r i o n  and  r e l a t e d  
a l lo w a n c e  f o r  d e f l e c t i o n ,  a p p e a r e d  t o  o f f e r  t h e  m ost 
s a t i s f a c t o r y  m eans o f  u l t i m a t e  s t r e n g t h  a n a l y s i s  f o r  a l l  
l e n g t h s  o f  r e i n f o r c e d  c o n c r e t e  co lum ns and t h i s  m ethod  
i s  d e v e lo p e d  and  c h e c k e d  e x p e r i m e n t a l l y  f o r  p r e s t r e s s e d  
co lum ns i n  s u b s e q u e n t  c h a p t e r s .
CHAPTER 2.
MATERIALS.
2 .1  I n t r o d u c t i o n .  M a t e r i a l s  w ere s e l e c t e d  t o  co n fo rm  
w i t h  t h o s e  fo u n d  s a t i s f a c t o r y  f o r  p r e s t r e s s e d  c o n c r e t e  
w ork  i n  p r a c t i c e ,  w i t h  t h e  a im  o f  s i m u l a t i n g  a  c o n c r e t e  
q u a l i t y  w h ic h  c o u ld  r e a s o n a b l y  be o b t a i n e d  by  t h e  
a v e r a g e  c o n t r a c t o r .
S i m p l i c i t y  o f  p r o v i d i n g  a  h ig h  i n i t i a l  p r e ­
s t r e s s  o f  d e f i n i t e  m a g n i tu d e  and  l o c a t i o n  recom mended 
t h e  u s e  o f  a  s i n g l e  p r e t e n s i o n i n g  e le m e n t  f o r  e x p e r i -
\
1 m e n ta l  w ork  and  d e v e lo p m e n t  o f  a  s a t i s f a c t o r y  g e n e r a l  
a n a l y t i c a l  m e th o d .
I t  was r e a l i s e d  how ever t h a t  t h e  g r e a t e s t  
a d v a n ta g e  f ro m  a  c e r t a i n  u n i f o r m  p r e s t r e s s i n g  f o r c e  
w ould  be  o b t a i n e d  f ro m  p r o v i d i n g  t h i s  f o r c e  a t  p o i n t s  
n e a r  t h e  o u t s i d e  f a c e s  o f  t h e  co lum n . E or a  l a r g e  
c r o s s  s e c t i o n ,  p r e s t r e s s i n g  o r  p o s t  t e n s i o n i n g  e le m e n ts  
m ig h t  w e l l  o c c u p y  t h e  p o s i t i o n s  o f  t h e  m ain  r e i n f o r c e m e n t  
i n  c o n v e n t i o n a l  r e i n f o r c e d  c o n c r e t e .
The a n a l y t i c a l  m ethod  d e v e lo p e d  s u b s e q u e n t l y  
h a s  t h e r e f o r e  b e e n  a r r a n g e d  f o r  e a s y  a d a p t a t i o n  fro m  th e  
s i n g l e  p r e s t r e s s i n g  e le m e n t  c a s e ,  u s e d  i n  t h e  e x p e r i m e n t a l  
w o rk ,  t o  a n y  num ber o f  e le m e n ts  i n  a n y  p o s i t i o n .
I n  o r d e r  t o  e l i m i n a t e  n u t  o r  wedge a n c h o ra g e s  
a n d  t h e r e b y  t o  s i m p l i f y  t h e  d e t a i l  a t  t h e  e n d s  o f  t h e  
t e s t  c o lu m n s ,  i t  was d e c i d e d  t o  u s e  a  d e fo rm e d  b a r  a s  
t h e  p r e s t r e s s i n g  t e n d o n .  The u s e  o f  a  b a r  a l s o  p e r m i t t e d
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t h e  a t t a c h m e n t  o f  a  s t a n d a r d  e x t e n s o m e t e r , f o r  d i r e c t  
m ea su re m e n t  o f  t h e  b a r  s t r a i n  a n d ,  t h e r e f o r e ,  f ro m  th e  
l o a d - s t r a i n  c h a r a c t e r i s t i c ,  F i g . 2 . 4 ,  an  a c c u r a t e  
i n i t i a l  b a r  f o r c e  was o b t a i n e d .
2 . 2  C em ent. R a p id  h a r d e n i n g  P o r t l a n d  c e m e n t ,  g u a r a n t e e d  
t o  com ply  w i t h  B . S . 1 2 :1 9 5 8 ,  was u s e d  f o r  a l l  c o n c r e t e  t o  
o b t a i n  an  e a r l y  g a i n  o f  c o n c r e t e  s t r e n g t h  w i t h  c o n s e q u e n t  
r a p i d  r e l e a s e  o f  p r e s t r e s s  and  t u r n  ro u n d  o f  m oulds and
 ^ s t r e s s i n g  b e d s .  G r e a t e r  l o s s  o f  i n i t i a l  p r e s t r e s s ,  due 
t o  s h r i n k a g e ,  o c c u r s  w i t h  p r e t e n s i o n e d  r a p i d  h a r d e n i n g  
P o r t l a n d  cem en t c o n c r e t e  t h a n  w i t h  o r d i n a r y  P o r t l a n d  
cem ent c o n c r e t e  b u t  t h i s  i s  t o l e r a t e d  by. m ost f i r m s  
m a n u f a c t u r in g  p r e c a s t  c o n c r e t e  i n  p r e f e r e n c e  to  d e l a y e d  
r e l e a s e  o f  p r e s t r e s s .
F o r  p r e c a s t  p o s t - t e n s i o n e d  m em bers, c o n c r e t e  
s h r i n k a g e  w ould  n o t  be  a  c o n s i d e r a t i o n  b u t  r a p i d  t u r n  
ro u n d  o f  m ou lds  a lo n e  may make t h e  u s e  o f  r a p i d  h a r d e n i n g  
cem ent e c o n o m ic a l .
W ith  p o s t ' t e n s i o n e d  i n  s i t u  c o n c r e t e  members 
t h e  c h e a p e r  o r d i n a r y  P o r t l a n d  cem ent w ould  n o r m a l ly  
b e  u s e d .
2 . 3  A g g r e g a t e s .  The o r i g i n  o f  b o t h  f i n e  and c o a r s e  
a g g r e g a t e s  was t h e  R i v e r  T e r r a c e s  o f  "Taplow  G r a v e l 1' a t  
Denham, B e r k s h i r e ,  m a in ly  d e r i v e d  f ro m  g l a c i a l  d e p o s i t s  
a nd  c o n s i s t i n g  o f  " s u b a n g u l a r  f l i n t s  w i t h  p e b b le s  o f  
f l i n t  and  q u a r t z . "  ^
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C o a rs e  a g g r e g a t e  was o b t a i n e d  i n  3 / 4 11 and  
3 / 8 " maximum s i z e s  and  com bined  i n  t h e  p r o p o r t i o n  •
1 . 5 : 1*0  by  w e i g h t .
G ra d in g  o f  t h e  sa n d  was w i t h i n  t h e  l i m i t s  
f o r  zone  2 g i v e n  i n  B .S .  8 8 2 :1 9 5 4 .
Sand  and  com bined  a g g r e g a t e  i n  t h e  p r o p o r t i o n  
1 : 1*5  by  w e ig h t  gave  a  g r a d i n g  w i t h i n  t h e  l i m i t s  o f  
zone  C, g i v e n  i n  Road N o te s  No. 4  ^  w i t h  a  f i n e n e s s
\
' m odu lus  o f  6 .3 >  s e e  R ig .  2 . 1 .
The s p e c i f i c  g r a v i t y  o f  san d  and  g r a v e l  was 
2 . 5 0  and  2 . 5 7  r e s p e c t i v e l y .
T a b le  2 .1  S ie v e  A n a l y s i s  o f  A g g r e g a t e s .
(mean o f  10  t e s t s )
-• Type | P e r c e n t a g e  r e t a i n e d  on B .S .  s i e v e  (F in e -  P e r -  j
i %" 3/16" 77  14 25  52  lOOiness | c en ta g e j
! p o d u -  A bsorb-j
j j lu s  t i o n  i
j fcraveiro 3 5 #  91*9 98.7 99*8 100 100 100j 6.3 ■1.6
| Sand  | 0 0 3 . 4  1 2 .0  2 2 .6  45.2 86 98.9j 2 . 7  j 0 .3
A l l  a g g r e g a t e s  w ere  d r i e d  f o r  s e v e r a l  w eeks 
a t  a  minimum a i r  t e m p e r a t u r e  o f  8 0 ° F ,  b e f o r e  c o m b in in g .
The a b s o r p t i o n  i n  t a b l e  1 .1  r e p r e s e n t e d  t h e  
p e r c e n t a g e  o f  w a t e r ,  b y  w e i g h t ,  ad d ed  t o  g iv e  a  s u r f a c e  
d r y  c o n d i t i o n .
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GRADI NG OF A G G R E G A T E S
PARTICLE SIZE-INCHES
•Ol 0 5 0 * 5
I O O
9 0
s a n d  fro
8 0
Rush Green Pi t s ,Dunha m/
6 0
5 0
4 0
combined aggregate  
T V &  fy" down,  
1^2 *. I by w e i g h t  |
3 0
Rush Gnien Pits
20
grading for nominal
:3 mix
jy weight)
1 "2 52 0 0  I O O  5 2
B.S .  SIEVE SIZE
l imits of  B.S. 88 2  : 1 9 5 ^ ,  f i n e  a g g r e g a t e , Zone 2 
l imits of  Zone C , D.S.I.R. Road R esearch  Note No.A-11950
F I G .  2.1
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2 . 4  R e in f o r c e m e n t . The m ain  b a r s  w ere  o f  m i ld  s t e e l
g u a r a n t e e d  t o  com ply  w i t h  B .S . 7 8 5 :1 9 3 8  " R o l le d  s t e e l
b a r  and  h a r d  draw n s t e e l  w i r e  f o r  c o n c r e t e  r e i n f o r c e m e n t . "
T h a t  i s :  U l t im a te  t e n s i l e  s t r e s s  30 t o n / i n ?
Y i e ld  p o i n t  1 6 .5  t o n / i n
E l o n g a t i o n  16%
The s t r e s s - s t r a i n  c h a r a c t e r i s t i c ;  B ig  2 . 2
shows mean v a l u e s  o f  6 t e s t s .
L in k s  w ere  o f  No. 10 s t a n d a r d  w i r e  gauge  s o f t
a n n e a l e d  s t e e l  and  t h e  t y i n g  w i r e  was No. 16 g auge  s o f t
i r o n .
2 . 3  T endon . D eform ed b a r s ,  P ig  2 .3>  w ere  o f  h i g h  t e n s i l e  
s i l i c o n - m a n g a n e s e  a l l o y  s t e e l ,  s o l d  u n d e r  t h e  t r a d e  name 
o f  M a c a l lo y ,  and  m a n u f a c tu r e d  t o  B . S . 9 7 0 :1 9 4 7 .
p
T h a t  i s :  N om inal u l t i m a t e  t e n s i l e  s t r e n g t h  70 t o n s / i n p
Minimum 0 . 2  p e r  c e n t  p r o o f  s t r e s s  58 t o n s / i n
A l l  t h e  b a r s  w ere  t a k e n  f ro m  t h e  same r o l l i n g . .
R o l l i n g  l i m i t s  w ere  a s  d e f i n e d  i n  A .S .T .M . 
A305-30T w i t h  two l o n g i t u d i n a l  r i b s  J o i n e d  t o g e t h e r  b y  
t r a n s v e r s e  r i b s ,  i n c l i n e d  a t  a p p r o x i m a t e ly  60 °  t o  t h e  a x i s .
P i g  2 . 4  shows t h e  mean c h a r a c t e r i s t i c  f o r  t h e s e  
b a r s ,  w h ic h  was u s e d  t o  d e te r m in e  i n i t i a l  p r e s t r e s s i n g  
f o r c e  an d  l o s s e s  a s  d e s c r i b e d  i n  s e c t i o n  6 . 7 ( L ) .
The s e l e c t i o n  o f  a  d e fo rm e d  b a r  r e s u l t e d  from  
p r e v i o u s  r e s e a r c h  by  t h e  a u t h o r  when bond o f  t h e s e  b a r s ,
a s  g r o u t e d  p o s t * t e n s i o n e d  e l e m e n t s ,  was shown t o  be  a s
o 2h i g h  a s  1 5 0 0 1 b . / i n an d  a  v a lu e  o f  1 7 5 0 l b / i n  was o b t a i n e d
S T R E S S  S T R A I N  R E L A T I O N S H I P  
F OR ‘ C O L U M N  R E I N F O R C E M E N T
(MEAN OF 6 TESTS
Assumed
7  d i a m e t e r  mild s t e e l :
4 2Yield point  16a5 t o n s / i a .
Max.strength 30*8 tons/in?
Modulus Es 30x10® lb/in^'
Elongat ion 2 8 - 57*
2"gauge  l ength)  ___
■Z-
z
Oh*
COU)
UJ
OC
h-co
20 2 5
S T R A I N  x  I O
FI G.  2 . 2
D E F O R M E D  H I G H  T E N S I L E  A L L O Y  S T E E L  P R E S T R E S S I N G  B A R S .
4
1. Bars  used -for p r e t e n s i o n i n g  c o l u m n s .
Ends t h r e a d e d  and provided wi th  nuts for l o c k i n g  bar onto  
t h e  s t r e s s i n g  b e d .
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diameter .
inches .
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NOMINAL
DIAMETER
S T R E S S  S T R A I N  R E L A T I O N S H I P  
F O R  D E F O R M E D  MACALLOY BAR
{MEAN OF 6 TESTS)
5 0
1 4 - ini tial  prestress  
F t o n s \ .9 - 4 5
8 - 4 012-
Loss o f  
pres tress
F, tons ■+I I -
^  B tota change  
 , in s t r a in  upto P.
6 - 5 0
Assumed relationship 
Eb = 25 x 10 ^ l b /  in
residual prestress
20
3 -
DIAMETER: IN 
AREA : IN' 
ULTIMATE -.TON
' 0 - 1 9 6  0 - 3 0 1 -
/ l N  6 9 - 0  6 9 - 6  -
O-L Q±
4 0 SO3 020 
STRAIN X 10
F I G . 2 . 4
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by  E van*s & W i l l i a m s ^  f ro m  t e s t s  on p r e t e n s i o n e d  beams*
37R oss  showed t h e s e  b a r s  t o  be s a t i s f a c t o r y  
f o r  u s e  f o r  p o s t - t e n s i o n i n g  and  c o n f i r m e d  t h e  a u t h o r ’ s ^  
s u g g e s t i o n  t h a t ,  b y  u s i n g  h i g h  s t r e n g t h  g r o u t ,  p e rm a n e n t  
end  a n c h o r a g e s  w ere  n o t  n e c e s s a r y .
F i g u r e s  o f  u n d e r  30 i n c h e s  f o r  t r a n s m i s s i o n
l e n g t h  f o r  5MX d i a m e t e r  p r e t e n s i o n e d  d e fo rm e d  b a r s ,  g i v e n  
38j b y  B ase  , w ere  c h e c k e d  by  t h e  a u t h o r  f o r  t h e s e  co lum ns 
when t r a n s m i s s i o n  l e n g t h s  o f  20 i n c h e s  and  24 i n c h e s  w ere  
o b t a i n e d ,  a t  maximum i n i t i a l  b a r  s t r e s s ,  f o r  Yz" and  
d i a m e t e r  r e s p e c t i v e l y ,  F ig  2*3« T hese  com pare w i t h  
v a l u e s  o f  16 i n c h e s  a n d  20 i n c h e s  r e s p e c t i v e l y  o b t a i n e d
•2 tr
b y  t h e  a u t h o r  f o r  g r o u t e d  b a r s .
I t  was r e c o g n i s e d  t h a t  w i t h o u t  end a n c h o r a g e s  
t h e  i n i t i a l  p r e s t r e s s  was o n ly  u n i f o rm  o v e r  t h e  c e n t r a l  
l e n g t h  o f  t h e  sp e c im e n s  and  t h a t  t h e r e  was a l s o  a  s l i g h t  
r e d u c t i o n  i n  i n i t i a l  c u r v a t u r e  w i t h  e c c e n t r i c a l l y  p r e ­
s t r e s s e d  m em bers , due t o  t h i s  f a l l i n g  o f f  o f  p r e s t r e s s  
a t  t h e  e n d s .  I t  w i l l  be s e e n  l a t e r  t h a t  t h e  f a i l u r e  
c r i t e r i o n  was r e a s o n a b l y  t a k e n  a t  m i d - h e i g h t ,  w here  t h e  
i n i t i a l  p r e s t r e s s  was s e n s i b l y  c o n s t a n t*
A l th o u g h  t h e  s u b s e q u e n t l y  d e s c r i b e d  t e s t s  a r e  on 
members p r e t e n s i o n e d  w i t h  a  s i n g l e  b a r ,  t h e  a u t h o r  c o n s id e r s  
t h e  r e s u l t s  t o  a p p ly  e q u a l l y  w e l l  t o  members p r e t e n s i o n e d  
w i t h  h i g h  t e n s i l e  s t r e n g t h  w i r e  a n d ,  a f t e r  e l i m i n a t i n g
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s h r i n k a g e  e f f e c t s  and  a l l o w i n g  r e d u c e d  c r e e p ,  t o  p o s t -  
t e n s i o n e d  m em bers , w i t h  t h e  b a r s  o r  w i r e  bo n d ed  b y  h i g h  
s t r e n g t h  g r o u t .
CHAPTER 5. 
PREPARATION OP COLUMNS.
5 .1  I n t r o d u c t i o n .  The b a s i c  c o n c e p t  i n  o b t a i n i n g  
r e l i a b l e  r e s u l t s  i n  c o n c r e t e  e x p e r i m e n t a l  w ork  r e l i e s  
upo n  u n i f o r m i t y  o f  m a t e r i a l s  and  c o n s i s t e n c y  o f  sp e c im e n  
p r e p a r a t i o n  and  t e s t i n g  t e c h n i q u e s .
A g g r e g a te s  f o r  t h i s  r e s e a r c h  w ere o b t a i n e d  
f ro m  t h e  same s o u r c e ,  r e i n f o r c e m e n t  and  p r e s t r e s s i n g  
b a r s  f ro m  t h e  same b a t c h  o f  r o l l i n g  and cem ent f rom  t h e  
same m a n u f a c t u r e r .
A l l  c l e a n i n g  and d e g r e a s i n g  o f  b a r s ,  m ak ing  up 
o f  c a g e s ,  m a n u f a c tu r e  o f  end p l a t e s  and  s t r e s s i n g  b e d s ,  
p r e s t r e s s i n g ,  b a t c h i n g ,  m ix in g  and  p l a c i n g  o f  c o n c r e t e  
a nd  a l l  t e s t i n g  was c a r r i e d  o u t  s o l e l y  by  t h e  a u t h o r  t o  
e l i m i n a t e  p e r s o n a l  e r r o r s  an d  v a r i a t i o n s .
S t r i c t  c o n t r o l  was e x e r c i s e d  t h r o u g h o u t  and  a 
r i g i d  t e s t i n g  p r o c e d u r e  o b s e r v e d .
5 .2  P r e p a r a t i o n  o f  r e i n f o r c e m e n t  and  m aking  up  o f  c a g e s .
R e in f o r c e m e n t  and  p r e s t r e s s i n g  b a r s  w ere  w ire  
b r u s h e d  and  d e g r e a s e d  w i t h  c a r b o n  t e t r a c h l o r i d e  p r i o r  t o  
m ak ing  up  th e  c a g e s  P ig  3*1•
E v e ry  j o i n t  o f  t h e  c a g e s  was f i r m l y  t i e d  and  
t e m p l a t e s ,  P i g  3 * 2 ( l a )  w ere  u s e d  t o  o b t a i n  c o r r e c t  
p o s i t i o n i n g  o f  m ain  b a r s ,  b e tw e e n  end p l a t e s .
A t t h e  e n d s ,  c o r r e c t  l o c a t i o n  f o r  t h e  m ain  b a r s  
was o b t a i n e d  f ro m  s h o r t  s t a r t e r  b a r s  w h ic h  p a s s e d  t h r o u g h
. 
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I
1a.
T e m p l a t e  to  l oca t e  
r e i n f o r c e m e n t  dur ing  t h e  
m a k i n g * u p  o f  c a g e s -
1 b .
S p a c e r  p l a t e  for  m a i n t a i n i n g  
r e i n f o r c e m e n t  s p a c i n g  and 
co ve r  d u r i n g  c o n c r e t i n g .
2
T y p ic a l  end p l a t e s .
3
T y p i c a l  kn i f e  e d g e  plate. 
a .  g r o o v e d  s i d e ,  
b  u n d e r s i d e  with depression 
to r ece ive  end of  bar
FIG. 3.2
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b a r e  c l e a r a n c e  h o l e s  i n  t h e  end p l a t e s ,  F i g ; 3 . 2 ( 2 )  and 
3 . 4 ,  t h e  p r o j e c t i n g  t h r e a d e d  e n d s  u l t i m a t e l y  p r o v i d i n g  
d e f i n i t e  l o c a t i o n  f o r  an d  a t t a c h m e n t  o f  t h e  k n i f e  edge 
p l a t e s ,  F ig  3 . 2 ( 3 ) .
The p r e s t r e s s i n g  b a r  was i n s e r t e d  th r o u g h  
l o c a t i n g  h o l e s  i n  t h e  end  p l a t e s ,  F ig  3 . 2 ( 2 ) ,  b e f o r e  t h e  
c a g e  was lo w e re d  i n t o  t h e  g r e a s e d  m ould and  t h e  s t r e s s i n g  
b e d  and  a s s e m b ly  s e c u r e d .
3 .3  S t r e s s i n g  b e d s  and  m o u ld s .  Two d i f f e r e n t  s t r e s s i n g  
b e d s  w ere  c o n s t r u e t e d : -
S t r e s s i n g  b e d  t y p e  1 . C o n s i s t e d  o f  a s i n g l e  r o l l e d  s t e e l  
j o i s t  on i t s  s i d e ,  w i t h  a  f i t t e d  t y p e  1 d o u b le  t im b e r  
m o u ld ,  F ig  3 *3("0>  f o r  c o n c r e t i n g  two 100 i n c h  o r  f o u r  
50 i n c h  l o n g  sp e c im e n s  a t  one t i m e ,  a s  d e t a i l e d  i n  F ig  3-4-.
A t h i r d  b a r  was t e n s i o n e d  u n d e r  t h e  b e d  t o  
c o u n t e r a c t  c u r v a t u r e  o f  t h e  E . S . J .  due t o  e c c e n t r i c  
l o a d i n g  o f  t h e  b e d  f ro m  t h e  sp e c im en  p r e s t r e s s i n g  b a r s .
F o u r  t o p  s t r a p s ,  t o g e t h e r  w i t h  f i t t e d  w edges 
b e tw e e n  t h e  m ould  and  t h e  s t r e s s i n g  b e d ,  and  t h e  sp e c im en  
end  p l a t e s ,  m a i n t a i n e d  t h e  c o r r e c t  s p a c i n g  and  a l i g n m e n t  
o f  t h e  m ould  s i d e s  d u r i n g  c o n c r e t i n g .
A bout two t h i r d s  o f  t h e  p re s t r e s s * > d  sp e c im e n s  
w ere  c a s t  i n  t h e  t y p e  1 d o u b le  m ou ld , F ig  3*4-* w h ic h  was 
o f  l i g h t  c o n s t r u c t i o n  w i t h  sc re w e d  j o i n t s  and  r e l i e d  f o r
-----------------------------------------------------------------------------
T H E  M O U L D S
3.  Type 3. 50"& 100"long c o l u m n s ,  
for use w i th  s t r e s s i n g  
b e d  t y p e  2 .
. __________________ FIG. 13
4 .  T y p e  1*■ ! 2 " lo n g  c o l u m n s ,  
no n  p r e s t r e s s e d .
1.
501 & 10011 lo n g  columns, 
fo r  use w i t h  s i n g l e  
R.S.J. s t r e s s i n g  bed  
t y p e  \ .
2
50',' 75'& 100l' c o l u m n s ,  
n o n  p r e s t r e s s e d .
T y p e  2.
Type 1-
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mould s i d e s  n o t c h e d  
over f t f s t i f f e n e r
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or ^ 2  nominal d ia .  
deformed bars
centres  of  lateral ties  
I t i e  straps o m i t t e d )
t imber  mould
P LAN
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high tensi le bar stressed 
to counteract  any 
d e f l e c t i o n  of  R.S.J.
t i e  s trap
bare clearance holes  
end p la t e s  for b ars
1
/ / S /  /  / /I / /  / / / / / y
S E C T I O N  8 - B 12% 6% 56* R.S.J.
t y p e  1 mould f i t t e d  
into R.S.J.
b l o c k s  to l o c a t e  end plates  
32** l " *  ^ I g .  s t e e l  end plate
en ds  o f  R.S.J- cut  true and 
7,Ix l ' 1 p l t .x12  ^."ig. welded on 
/  4 8
irrrilI l 3‘x 2" thick washer plate
F I G .  3 . 4
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s t r e n g th ,  on  t h e  s u p p o r t  o f  th e  R . S . J .  b e d ,  t h e  f i t t e d  
w edges an d  t h e  s t r a p s .
S t r e s s i n g  b ed  ty p e  2 .  F ig  3 - 5 ( 2 ) ,  c o n s i s t e d  o f  two l i g h t  
l o n g i t u d i n a l  R . S . J . ’ s w i th  t r u e d  e n d s ,  b u t t i n g  a g a i n s t  
and  web c l e a t e d  t o  two h e a v y  R . S . J . f s .  P r e s t r e s s  was 
a x i a l l y  a p p l i e d  t o  t h e  b e d  and  t h e  ty p e  3 m o u ld , P ig  3-3(3)> 
r a i s e d  t o  g i v e  t h e  c o r r e c t  b a r  e c c e n t r i c i t y .
Two t r e s t l e s  s u p p o r t e d  t h e  ty p e  3 m ould a t  
a b o u t  t h i r d  p o i n t s  i n  t h e  s t r e s s i n g  b e d .  The m ould  was 
o f  h e a v y  c o n s t r u c t i o n  to  p r e v e n t  d e f l e c t i o n  u n d e r  t h e  
w e ig h t  o f  n ew ly  p l a c e d  c o n c r e t e  and  b o th  s i d e s  o f  t h e  
m ould  w ere  a t t a c h e d  to  t h e  t h r e e  s e c t i o n  b a s e  w i th  c o a c h  
b o l t s  and  w ing n u t s .  T h is  a l lo w e d  a c c e s s  t o  t h e  s t r a i n  
m e a s u r in g  p o i n t s ,  on a l l  s i d e s  o f  t h e  s p e c im e n ,  a few  
h o u r s  a f t e r  c o n c r e t i n g ,  a s  shown by  Fi^p. 4 . 2 ( 1 )  and  ( 2 ) .
W ith  b o t h  s t r e s s i n g  b e d s  t h e  end  a s s e m b ly  
i n c l u d e d  h e a v y  w a sh e r  p l a t e s  to  d i s t r i b u t e  t h e  h i g h  
t e r m i n a l  f o r c e s .
M oulds t y p e  2 and  4 .  F i g s  3 * 3 (2 )  and  (4-), w ere  made f o r  
n o n - p r e s t r e s s e d  s p e c im e n s ,  t h e  fo rm e r  f o r  p a i r s  o f  100 
i n c h  lo n g  o r  f o u r  50  i n c h  co lum ns and  t h e  l a t t e r  f o r  
two 12 i n c h  co lum ns i n  tan d e m . The r e a s o n  f o r  c o n s t r u c t i o n  
o f  t h e s e  e x t r a  two m ou ld s  was t o  i n c r e a s e  o u t p u t  o f  
sp e c im e n s  a n d  t o  r e s t r i c t  t h e  w ear on t h e  p r e v i o u s l y
1. S t r e s s i n g  bars  in bed ty pe  t w i t h  a 
Lindley gauge at tached  to  each bar.
2.  Bed type 2 with bar  3. L e e - M e  Call hydraul ic  jack,
s t r e s s e d  ready for concret ing
FIG. 33
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d e s c r i b e d  m o u ld s ,  e i t h e r  o f  w h ic h  c o u ld  h a v e  b e e n  u s e d  
f o r  t h e  n o n - p r e s t r e s s e d  s p e c im e n s .
End b l o c k s ,  s c re w e d  t o  t h e  s i d e s  o f  a l l  m o u ld s ,  
gave  a  f i x e d  l e n g t h  l o c a t i o n  f o r  t h e  s t e e l  end  p l a t e s  and  
k e p t  t h e s e  p l a t e s  n o rm al  t o  t h e  colum n a x i s  d u r i n g  
c o n c r e t i n g .
A l l  m oulds w ere  c o n s t r u c t e d  by  t h e  a u t h o r  f ro m  
w e l l  s e a s o n e d  s e l e c t e d  p in e  and p r o t e c t e d  by  two c o a t s  o f  
m ould  p a i n t .
5*4 S t r e s s i n g .  The b a r  was s t r e s s e d  a g a i n s t  t h e  b e d  by  a  
L ee -M cC all  h y d r a u l i c  j a c k  Figs 3 * 5 0 )  and  (5 )*  N e i t h e r  t h e  
j a c k  p r e s s u r e  gauge  n o r  t h e  v e r n i e r  w ere  c o n s i d e r e d  
s u f f i c i e n t l y  a c c u r a t e  t o  d e te r m in e  t h e  i n i t i a l  m a g n i tu d e  
o f  p r e s t r e s s ,  t h e  fo rm e r  b e c a u s e  o n ly  20% o f  t h e  r a n g e  
was u s e d ,  t h u s  much r e d u c i n g  t h e  l i m i t e d  r e l i a b i l i t y  o f  
t h i s  ty p e ,  o f  i n s t r u m e n t  even  when c a r e f u l l y  c a l i b r a t e d ,  
and  t h e  l a t t e r  b e c a u s e  t h i s  r e a d i n g  i n c l u d e d  c o n t r a c t i o n  
o f  t h e  s t r e s s i n g  b ed  and  v a r i a b l e  " b e d d in g  down" o f  t h e  
end  a s s e m b l i e s  a s  w e l l  a s  t h e  b a r  e x t e n s i o n .
The i n i t i a l  p r e s t r e s s i n g  f o r c e  was t h e r e f o r e  
d e te r m in e d  by  a t t a c h i n g  a L in d le y  e x te n s o m e te r  t o  t h e  b a r  
w h ic h  was l o a d e d  t o  an  e x te n s o m e te r  s t r a i n  r e a d i n g ,  t a k e n  
a f t e r  t h e  end n u t s  w ere  t i g h t e n e d  on t o  t h e  s t r e s s i n g  b ed  
and  t h e  j a c k  rem o v ed , and  t h e  e q u i v a l e n t  l o a d  r e a d  fro m  
t h e  s t r e s s  ( l o a d )  -  s t r a i n  c h a r a c t e r i s t i c ,  E ig  2 . 4 .
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When two b a r s  w ere  s t r e s s e d  a g a i n s t  t h e  same 
b ed  an  e x te n s o m e te r  was a t t a c h e d  t o  e a c h  b a r  and  t h e  
r e a d i n g s  w ere  t a k e n  a f t e r  b o th  b a r s  w ere s t r e s s e d  Pig 3* 5 0 ) *  
3*5 C o n c r e te  and C o n c r e t in g ,  A f t e r  p r e l i m i n a r y  t e s t s  a 
1 : 2 : 3  m ix  by  w e i g h t ,  u s i n g  r a p i d  h a r d e n i n g  P o r t l a n d  
c e m e n t ,  was a d o p te d .  T h is  c o r r e s p o n d e d  c l o s e l y  t o  a 
n o m in a l  v o l u m e t r i c  m ix o f  1 : 1 # : 3  commonly u s e d  f o r  
r e i n f o r c e d  c o n c r e t e  co lum ns i n  p r a c t i c e .
A p l a s t i c i s e r ,  s o l d  u n d e r  t h e  t r a d e  name o f
P l a s t i m e n t ,  was ad d ed  a t  th e  r a t e  o f  one p e r  c e n t  o f  t h e
cem en t w e i g h t ,  t o  a l l o w  a  r e d u c t i o n  i n  w a te r / c e m e n t  r a t i o
f o r  t h e  same w o r k a b i l i t y  w i th  c o n s e q u e n t  i n c r e a s e  i n
s t r e n g t h ,  r e d u c t i o n  i n  c r e e p  and  f r e e  w a te r  c o n t e n t  and
39a l s o  t o  im p ro v e d  cem ent p a r t i c l e  d is p e r s io n * ^  . T h i s  
a d d i t i v e  a l s o  r e t a r d e d  t h e  i n i t i a l  s e t ,  w h ich  a s s i s t e d  
p l a c i n g .  The lo w e r  i n i t i a l  c r u s h i n g  s t r e n g t h ,  com pared  
w i t h  c o n c r e t e  o f  e q u i v a l e n t  w o r k a b i l i t y  w i t h o u t  t h e  a d d i- ,  . 
t i v e ,  was c a n c e l l e d  b y  t h e  i n c r e a s e d  s t r e n g t h  f ro m  th e  
lo w e r  w a te r / c e m e n t  r a t i o  i n  a b o u t  60 h o u r s ^ .
The a d o p te d  w a te r / c e m e n t  r a t i o  o f  0 . 5  gave  a 
4  i n c h  cube  c r u s h i n g  s t r e n g t h  o f  t h e  o r d e r  o f  6 0 0 0 1 b / in  
a t  28 d a y s  and  4 8 0 0 1 b / in 2 a t  r e l e a s e  (7  d a y s ) . F i g  3 . 6 .
The slum p d i d  n o t  e x c e e d  a  q u a r t e r  o f  an  i n c h .
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V  CONCRETE CUBES
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RAPID HARDENING PORTLAND CEMENT. WATEr / c EMENT RATIO0*5
•  FROM DESIGN O F CONCRETE MIXES . ROAD NOTE N o . 4 . 1 9 5 0  
+  1*0 PERCENT PLASTIMENT , HIGH FREQUENCY VIBRATION
X 1-0 PERCENT PLASTIMENT, C O N C R E T E  FROM MIX FOR
COLUMNS>C O M P A C T E D  BY ELECTRIC HAMMER
F I G .  3 . 6
5 1
A llo w in g  f o r  a b s o r p t i o n  by  a g g r e g a t e s  t h e  f r e e  
w a te r / c e m e n t  r a t i o  was 0 .  AC­
TABLE 5 .5  CONCRETE MIXTURE.
Mix by  
d r y  w e ig h t
Sand^ I C o a rse  
l b / y d  5. A g g re g a te  
| l b /y d *
Cement
l b / y d *
W ate r
l b / y d ^
1 : 2 : 3 1330 j 1970
i
660 330
I
M ix in g  was c a r r i e d  o u t  i n  a  n o n - t i l t i n g  drum
h a n d  m ix e r  o f  11A c u .  f t .  c a p a c i ty *  The r e s u l t i n g  c o n c r e t e
i . ’ •*,
was p l a c e d  i n  t h e  m oulds and c o m p ac ted  i n  l a y e r s ,  o f
a p p r o x i m a t e ly  V£" t h i c k n e s s ,  by  an  e l e c t r i c a l l y  o p e r a t e d
hammer a p p l i e d  e x t e r n a l l y .
A minimum o f  f o u r  c o n t r o l  c u b e s  w ere  t a k e n  f ro m  
e a c h  b a t c h  o f  c o n c r e t e  a n d  c o m p a c te d ,  a s  n e a r  a s  c o u ld  be  
ju d g e d  v i s u a l l y ,  t o  t h e  same d e g r e e  a s  t h a t  i n  t h e  c o lu m n s .
A l l  co lum ns w ere  c a s t  h o r i z o n t a l l y  a s : -  
a .  C om m erc ia l  p r e c a s t i n g  b e d s  a r e  h o r i z o n t a l  f o r  p r a c t i c a l  
c o n s i d e r a t i o n s  o f  c o n s t r u c t i o n  and m e c h a n i s a t i o n ,  
b* S t r e n g t h  d i f f e r e n t i a l  a c r o s s  t h e  s e c t i o n  f ro m  i n c r e a s e  
i n  w a t e r  c o n t e n t  due t o  b l e e d i n g  f ro m  p r e v i o u s l y  p l a c e d  
l a y e r s  o f  c o n c r e t e ,  was c o n s i d e r e d  s m a l l  w i t h  t h e  s h o r t  
w a t e r  p a t h ,  e q u a l  t o  t h e  co lum n d e p t h  o f  y/z i n c h e s ,  and  
f o r  t h e  d r y  m ix  used*
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F o r  v e r t i c a l  c a s t i n g  t h e  w a t e r p a t h  w ould  h av e  
b e e n  e q u a l  t o  th e  colum n l e n g t h  o f  up  to  100 i n c h e s  an d  
b l e e d i n g ,  p l u s  e x t r a  w a te r  f o r c e d  o u t  by  t h e  w e ig h t  o f  
s u p e r in c u m b e n t  c o n c r e t e ,  w ould u n d o u b te d ly  h a v e  r e s u l t e d  
i n  a  n o t i c e a b l e  d i f f e r e n c e  i n  s t r e n g t h  a lo n g  t h e  l e n g t h  
o f  t h e  c o lu m n , a s  d e m o n s t r a te d  b y  H o g n e s t a d ’ s"  ^ t e s t s  on  
v e r t i c a l l y  c a s t  colum ns a l l  o f  w h ic h  f a i l e d  above  t h e  
m i d - h e i g h t ,
c .  The e f f e c t  o f  w a te r  g a i n  i n  v e r t i c a l l y  c a s t  c o lu m n s ,  
w ould  h a v e  v a r i e d  f o r  d i f f e r e n t  co lum n l e n g t h s  an d  
s e g r e g a t i o n  and  a i r  p o c k e t s  would  h av e  b e e n  d i f f i c u l t  t o  
a v o id  c o m p l e t e l y .  The e x t r a  p r e s s u r e  o f  c o n c r e t e  w o u l d . 
h av e  n e c e s s i t a t e d  s t r o n g e r  m oulds w i t h  c o n s e q u e n t  r e d u c t i o n  
i n  e f f i c i e n c y  o f  v i b r a t i o n  and  t h e  t o p  p l a t e  w ould t h e n  
r e q u i r e  t o  be b e d d ed  l a t e r ,
3 .6  C u r in g .  Columns w ere c o v e r e d  w i th  damp s a c k s  f ro m  
two h o u r s  a f t e r  c o n c r e t i n g  u n t i l  r e l e a s e  o f  p r e s t r e s s  a t  
7 d a y s ,  when t h e  m oulds w ere rem oved and  t h e  co lum ns 
w rap p ed  i n  damp s a c k s  u n t i l  t h e  t im e  f o r  t e s t i n g .
C o n t r o l  c u b e s  w ere  c o v e re d  w i t h  damp s a c k s  f o r  
24- h o u r s  a f t e r  c o n c r e t i n g ,  when m oulds w ere  s t r i p p e d  and  
t h e  c u b e s  p l a c e d  i n  a  c u r i n g  t a n k  o f  c o n s t a n t  w a t e r  tem p­
e r a t u r e  o f  64-°F. w h ic h  was m a i n t a i n e d  c o n s t a n t  b y  a  
t h e r m o s t a t i c a l l y  c o n t r o l l e d  e l e c t r i c  h e a t i n g  e lem en t*
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CHAPTER 4.
TESTS,
4 .1  COLUMN SECTION AND REIKFORCMEHT,
S c a l e  and  c r o s s  s e c t i o n .
( a )  S n a i l  s c a l e  t e s t s  w i t h  m o d e ls  c o n s t r u c t e d  fro m
v a r i o u s  m a t e r i a l s ,  s u c h  as  s a n d - A r o l d i t e  an d  f i n e  s a n d -
40cem ent m i x t u r e s  a s  u s e d  b y  T a y lo r  , and  o t h e r  m ix t u r e s  
commonly u s e d  t o  i n v e s t i g a t e  i n d i v i d u a l  members an d  
s t r u c t u r e s ,  w ere  deem ed i n a p p l i c a b l e  t o  t h e s e  t e s t s  a s  
t h e  e f f e c t s  o f  p r e s t r e s s ,  a n d  r e l a t i v e  s t r a i n s ,  w ould  
have  b e e n  d i f f i c u l t  t o  s i m u l a t e .  A lso  a c c u r a c y  o f  m e a s u re ­
m ent and  b e h a v i o u r  o f  s u c h  m odels  was c o n s i d e r e d  t o o  h i g h l y  
s e n s i t i v e  t o  s m a l l  v a r i a t i o n s  i n  f a b r i c a t i o n  and t e s t i n g .
(b )  F u l l  s i z e  sp e c im e n s  o f  c o n s t a n t  l e n g t h ,  e q u a l  t o  a 
n o rm a l  f l o o r  h e i g h t ,  a n d  o f  v a r i o u s  c r o s s  s e c t i o n s  t o  
o b t a i n  d i f f e r e n t  ly^. v a l u e s ,  w ould  h av e  b e e n  c l o s e s t  t o  
co lum ns i n  b u i l d i n g  p r a c t i c e .  Such t e s t s ,  h o w e v e r ,  w ou ld  
h av e  i n v o l v e d  a  m u l t i p l i c i t y  o f  d i f f e r e n t  s i z e s  o f  end 
p l a t e s ,  s p a c e r  p l a t e s ,  l i n k s  and  m o u ld s ,  w i t h  d i f f e r e n t  
d i a m e t e r s  o f  m i ld  s t e e l  r e i n f o r c e m e n t  ( f o r  c o n s t a n t  s t e e l  
p e r c e n t a g e ) .  A lso  t h e  a v a i l a b l e  s i z e s  o f  d e fo rm e d  b a r  
w ere  l i m i t e d .  Ho s i n g l e  t e s t i n g  m ach in e  c o u ld  r e a s o n a b l y  
be c o n s t r u c t e d  w i t h  h e i g h t  and  l o a d  c a p a c i t y  f o r  t e s t i n g  t o  
d e s t r u c t i o n  a l l  co lum ns o f  p r a c t i c a l  l e n g t h ,  s a y  9 f e e t ,  
w i t h  t h e  e n v i s a g e d  r a n g e  o f  I y ^ r a t i o s  ° f  f ro m  12 t o  1 0 0 .
F o r  n o n - p r e s t r e s s e d  c e n t r a l l y  l o a d e d  co lum ns o f  l e n g t h
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9 f e e t ,  t h i s  w ould  c o r r e s p o n d  t o  an  u l t i m a t e  l o a d i n g  o f  
a b o u t  20 t o n s ,  f o r  ly^. * 1 0 0 , and  o v e r  200 t o n s  f o r  
LA  = 12.
( c )  I t  was d e c i d e d  t o  u s e  a  c o n s t a n t  c r o s s  s e c t i o n  and  
n e a r  f u l l  f l o o r  h e i g h t  f o r  t h e  g r e a t e s t  Iy^. v a l u e s ;  t h i s  
l e n g t h  was l i m i t e d  by  t h e  h e i g h t  o f  t h e  l a b o r a t o r y  
t o  100 i n c h e s .
The c r o s s  s e c t i o n  was s e l e c t e d  a s  31/£fl deep  and  4 n w ide  t o  
g iv e  a  r a d i u s  o f  g y r a t i o n  f o r  t h e  g r o s s  s e c t i o n a l  a r e a  
e q u a l  t o  u n i t y ,  so  Iy^. v a lu e  and  l e n g t h  w ere  c o n v e n i e n t l y  
n u m e r i c a l l y  e q u a l .  The w e ig h t  f o r  a  100 i n c h  lo n g  colum n 
was 160 l b ;  a b o u t  th e  l i m i t  f o r  h a n d l i n g  by  one  p e r s o n  
w i t h o u t  m e c h a n ic a l  a s s i s t a n c e ,  and  ( t o g e t h e r  w i t h  a 
minimum o f  f o u r  c o n t r o l  c u b e s )  t h i s  g av e  a  volum e o f  
c o n c r e t e  s l i g h t l y  l e s s  t h a n  t h e  c a p a c i t y  o f  t h e  m ix e r .
E e i n f o r c e m e n t .
4  -  % i n c h  d i a m e t e r  m i ld  s t e e l  b a r s ,  u s e d  a s  m ain  
r e i n f o r c e m e n t ,  gave  a  s t e e l  p e r c e n t a g e  o f  1 . 4  w h ich  was 
w i t h i n  t h e  r a n g e  f o r  n o rm a l  r e i n f o r c e d  co lum ns ( 0 . 8  t o  
8 .0% ; C .P .1 1 4 )  and  s u f f i c i e n t  t o  a l l o w  c a r e f u l  h a n d l i n g  
w i t h o u t  c r a c k i n g  o f  t h e  l o n g e s t  n o n - p r e s t r e s s e d  s p e c im e n s .  
No. 10 s t a n d a r d  w i r e  gau g e  l i n k s  a t  t h r e e  i n c h  c e n t r e s  
c o m p l ie d  w i t h  t h e  r e l e v a n t .minimum r e q u i r e m e n t s  o f  C .P .1 1 4 ;  
t h a t  i s ,  n o t  l e s s  t h a n  one  q u a r t e r  o f  t h e  m ain  b a r  d i a m e te r ,
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and  t h e  s p a c in g  g e n e r a l l y  e q u a l  t o  tw e lv e  t i n e s  t h e  
d i a m e t e r  o f  t h e  m ain  b a r s *
To a v o id  l o c a l  f a i l u r e  a t  t h e  e n d s ,  common w i t h  colum n 
t e s t s ,  a n d  t o  r e d u c e  t h e  t r a n s m i s s i o n  l e n g t h ,  t h e  l i n k  
s p a c in g  was h a l v e d  f o r  th e  end tw e lv e  i n c h e s  a s  shown 
by  F ig  4 . 1 .
4 . 2  M a g n itu d e  and  P o s i t i o n  o f  P r e s t r e s s .  O nly  % i n c h
and  5/& i n c h  n o m in a l  d i a m e t e r  d e fo rm e d  p r e s t r e s s i n g  b a r s
w ere  a v a i l a b l e  and  t h e  maximum b a r  t e n s i o n ,  a t  t h e
rec o m m e n d ed 'w o rk in g  s t r e s s  o f  45 t o n s / i n  , was 9«5 and
15*5 t o n s  r e s p e c t i v e l y .  T h is  r e p r e s e n t e d  a  c o n c r e t e
pc o m p r e s s iv e  s t r e s s  o f  1500 and  2200 l b / i n  w i t h  u n i f o r m l y  
a p p l i e d  p r e s t r e s s .
The 13*5 t o n  f o r c e  was c o n s i d e r e d  a d e q u a te  a s  
an  u p p e r  l i m i t ,  s i n c e  i t  p r o v i d e d  a s  g r e a t  a n  a v e r a g e  
s t r e s s  a s  w ould  b e  fo u n d  i n  p r a c t i c e ,  and  f o r c e s  o f  3*5» 
5«5» 7*5 and  9*5 t o n s ,  t o g e t h e r  w i t h  t h e  n o n - p r e s t r e s s e d  
c a s e  c o m p le te d  t h e  l i k e l y  p r a c t i c a l  r a n g e .
Maximum b a r  e c c e n t r i c i t y  was l i m i t e d  by  t h e  
l i n k s  t o  one i n c h ,  t h a t  i s  t o  2 o f  t h e  s e c t i o n  d e p t h .
7
Columns h a v in g  an  a x i a l  p r e s t r e s s  and  a  p r e ­
s t r e s s  o f  one h a l f  i n c h  e c c e n t r i c i t y  w ere  a l s o  t e s t e d .
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4 . 3  M ethod o f  S t r a i n  M easurem ent*  A d e m o u n ta b le
m e c h a n ic a l  s t r a i n  g a u g e ,  d e v e lo p e d  by  t h e  Cement and
41 42C o n c r e te  A s s o c i a t i o n  r e s e a r c h  l a b o r a t o r i e s  5 and 
o p e r a t i n g  on an  8 i n c h  gauge l e n g t h  was fo u n d  m ost 
s u i t a b l e  f o r  t h e  a c c u r a c y  and  r a n g e  o f  m ea su re m e n t 
r e q u i r e d .
The Cement and  C o n c r e te  A s s o c i a t i o n ’ s
recom m ended m ethod  o f  a t t a c h i n g  s t a i n l e s s  s t e e l  d i s c s ,
42M e tz g e r  p o i n t s ,  by  m eans o f  s e a l i n g  wax o r  g lu e  , 
a l t h o u g h  s u i t a b l e  f o r  d r y  s u r f a c e s ,  was n o t  s a t i s f a c t o r y  
on c o n c r e t e  w h ic h  was w e t c u r e d  o r  v/hen s h r i n k a g e  r e a d i n g s  
w ere  r e q u i r e d  t o  be t a k e n  on c o n c r e t e  a t  an  age  o f  12 
h o u r s .
To overcom e t h i s  d i f f i c u l t y  a  h o l e  was d r i l l e d  
t h r o u g h  t h e  p o i n t s ,  c e n t r e d  on  t h e  n o rm a l  i n d e n t a t i o n s ,  
t o  a l l o w  s e t t i n g  t o  gauge  l e n g t h  f ro m  t h e  b a c k ,  and  t h e  
p o i n t s  a t t a c h e d  t o  t h e  m ould  w i t h  a  w a t e r  s o l u b l e  g l u e ,
P ig  4 . 2 ( 1 ) .  P o i n t s  t h u s  s e t  becam e f l u s h  w i t h  t h e  c o n c r e t e  
s u r f a c e ,  immune f ro m  a c c i d e n t a l  d e ta c h m e n t  i n  h a n d l i n g ,  
and t h e  r e a d i n g s  d i d  n o t  r e q u i r e  c o r r e c t i o n  f o r  t h e  
t h i c k n e s s  o f  t h e  d i s c s .
E l e c t r i c a l  r e s i s t a n c e  s t r a i n  g a u g e s ,  commonly 
u s e d  f o r  s t r a i n  m e a su re m e n t ,  w ere  fo u n d  u n s u i t a b l e  f o r  
a t t a c h m e n t  t o  damp c o n c r e t e  a s  w e l l  a s  d i f f i c u l t  t o  r e a d  
n e a r  f a i l u r e  when r a p i d  s t r a i n  c h a n g e s  o c c u r  and  no s t a t i c
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1 .
Metzger  points g l u e d  to 
type 3 m ou ld  w i th  removable  
c en t re  panel  and s i d e s .
2 .
Side and centre pane l  o f  type 3 
mould removed to give a c c e s s  
to  M etzger  p o i n t s  c a s t  in 
c o n c r e t e .
Demec g a u g e  l o c a t e d  by 
Phi l l ips  s c r e w s  s e t  f lu sh  with 
upper s u r f a c e .
2
F IG . 4 .2
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b a l a n c e  e x i s t s .  S u r f a c e  s t r a i n s ,  m e a su re d  by  e l e c t r i c a l  
r e s i s t a n c e  s t r a i n  g a u g e s ,  a l th o u g h ,  p r o b a b l y  r e l a t e d  t o  
i n t e r n a l  s t r a i n ,  w ere  i n  t h e  a u t h o r ' s  o p i n i o n ,  c o n s i d e r e d  
t o  r e l a t e  t o  t h e s e  l e s s  r e l i a b l y  t h a n  t h e  r e l a t i v e  
movement o f  c a s t  i n  M e tz g e r  p o i n t s .
4 . 4  M easu rem en ts  t a k e n  f o r  a t y p i c a l  co lum n . The s e v e n  
p o s i t i o n s  f o r  m e a s u r in g  d e f l e c t i o n s  and  t h e  5 ^  p o i n t s  f o r  
m e a s u r in g  s t r a i n s  a r e  shown by F i g  4 .3 *
S t r a i n  R e a d in g s  w ere  t a k e n  a s  f o l l o w s : -
( a )  To m ea su re  s h r i n k a g e  an d  c r e e p  d u r i n g  c u r i n g  
r e a d i n g s  w ere  t a k e n  a t  i n t e r v a l s  a r r a n g e d  t o  o b t a i n  an  
a c c u r a t e  s t r a i n - t i m e  c u r v e ,  from  h a l f  a  d a y  a f t e r  c o n ­
c r e t i n g  up  t o  28 d a y s  when t h e  l o a d i n g  t e s t  t o  f a i l u r e  
was commenced.
I m m e d ia te ly  f o l l o w i n g  r e l e a s e ,  when t h e  g r e a t e s t  
ch an g e  o f  s t r a i n  w i t h  t im e  o c c u r r e d ,  r e a d i n g s  w ere  t a k e n  
a t  l e a s t  t w i c e  a  d a y .
( b )  D u r in g  t h e  l o a d i n g  t e s t  s t r a i n  r e a d i n g s  w ere  t a k e n  
a f t e r  e a c h  i n c r e m e n t  o f  l o a d .
D e f l e c t i o n  r e a d i n g s  w ere  t a k e n
( c )  B e f o re  r e l e a s e .
( d )  A f t e r  r e l e a s e .
( e )  B e fo re  l o a d i n g .
( f )  A f t e r  e a c h  l o a d  i n c r e m e n t .
D im en s io n s  a t  m i d - h e i g h t  w ere  n o t e d  b e f o r e  t h e  l o a d i n g
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2 o*
3
1+ o~*
5 o *
6 o+
FACE C
a b o d e
 ^i< i—4—
y
M e t z g e r  p o i n t s  
Phillips screws
mid h e i g h t
ENLARGED VIEW OF FACE C
AT MID HEIGHT 
FACED
FACE B
| ~ * ---
>
. e ,  ^— ►
L i n e  o f  kn i fe  edge
, FACE A(uppermost  in 
m o u l d  )
FACE C 
SECTION a't MID HEIGHT
FACE B SIMILAR) (FACE D SIMILAR
F I G . 4 .3
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t e s t  was commenced* >
F i g  4 . 4  shows a  t y p i c a l  s e t  o f  r e a d i n g s  f o r  one  
colum n i n  w h ic h  t h e  f i r s t  e n t r y  i n  e a c h  v e r t i c a l  co lum n o f  
t h e  t a b l e  was t h e  s b r a in  chang e  f o r  th e  t im e  p e r i o d  o r  l o a d  
in c r e m e n t  i n d i c a t e d .  The s e c o n d  e n t r y  i n  e a c h  co lum n was 
t h e  r u n n i n g  t o t a l  o f  s t r a i n  ch an g e  f o r  e i t h e r  s h r i n k a g e ,  
r e l e a s e  and c r e e p  u n d e r  p r e s t r e s s ,  o r  f o r  lo a d in g *
F o r  f a c e s  B,C and  D w here  no s t r a i n  r e a d i n g  i s  
e n t e r e d ,  e x c e p t  im m e d ia te ly  p r i o r  t o  r e l e a s e ,  t h e  s t r a i n  
up t o  r e l e a s e  was a ssu m e d .
4 , 5  S y s tem  o f  r e f e r e n c i n g  t e s t  c o lu m n s .  A s e r i e s  and
colum n num ber s p e c i f y  t h e  f o l l o w i n g  v a r i a b l e s : -
S e r i e s  Number. ^  r a t i o :  T h is  i s  d i r e c t l y  g iv e n  by  t h e
k
num ber e . g .  i n  s e r i e s  100 a l l  co lum ns 
h av e  a n  g  -  100 .
Column Number. T h is  c o n s i s t s  o f  one o r  two f i g u r e s ,
w i t h  one f i g u r e  a  p r e c e e d i n g  z e r o  i s  
i m p l i e d .
E c c e n t r i c i t y  o f  L o a d in g .  T h is  i s  i n d i c a t e d  b y  t h e  f i r s t
f i g u r e  i n  m u l t i p l e s  o f  h a l f  an  i n c h ,  
m e a su re d  f ro m  t h e  c e n t r e  o f  t h e  c r o s s  
s e c t i o n .
M a g n itu d e  o f  P r e s t r e s s .  T h is  i s  i n d i c a t e d  by  t h e  s e c o n d
f i g u r e ,  H h a v in g  z e ro  i n i t i a l  p r e s t r e s s ,
2 a  p r e s t r e s s  o f  5*5 t o n s  and  t h e n  
i n c r e a s i n g  by  two t o n  i n c r e m e n t s .
FA C E A
P O S I T I O N CEN TPIE LINE
A G E
d a y s
LOADING 
P.x . t o n s
1 - 2
t o p
2*3 3 - 4 4 - 5 5 - 6 6 - 7 7 * 8 8 - 9 9 - 1 0 10*11 11*12 12-13 1 * 2
t o p
0 - 5 O 'Q 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 6 6 6 6 7 7 6 6 6 6 6 6 6 6 6 6 5 5 5 5 5 5 5 5
2 -0 3 9 5 11 4 11 5 11 5 11 6 12 5 11 5 11 5 10 4 9 5 10 4 9
3 0 0 9 0 11 0 11 0 11 1 12 1 13 1 12 0 11 0 10 1 10 0 10 0 9
6 - 9 0 9 0 11 0 11 0 11 0 12 0 13 0 12 0 11 0 10 0 10 0 10 0 9 0
r e l e a s e -
7 - 0 2 11 3 ■14 4 15 5 16 4 16 4 17 4 IB 4 15 5 15 3 13 4 15 2 11 50
7 « 5 1 12 1 15 0 15 0 16 0 16 0 17 1 17 1 16 1 16 0 13 1 16 0 11 4
8 0 1 13 0 15 1 16 1 17 0 16 0 17 1 18 1 17 1 17 1 14 1 17 0 11 2
9 - 0 1 14 2 17 2 18 2 13 2 18 1 18 2 20 2 19 2 19 2 16 2 19 2 13 4
1 0 0 0 14 0 17 0 18 0 19 0 18 0 18 0 20 0 19 0 19 0 16 0 19 0 13 2
IfeO 0 0 17 0 18 0 19 0 18 0 18 0 20 0 19 0 19 0 16 0 19 0 13 0
21-0 0 •14 0 17 0 18 0 19 0 18 0 18 0 20 0 19 0 19 0 16 0 19 0 13 0
2 8 0 0 * 0 0 14 0 17 0 18 0 19 0 18 0 18 0 20 0 19 0 19 0 16 0 19 0 13 0
2 8 0 1*6 5 5 7 7 7 7 8 8 7 7 8 8 8 8 8 8 .8 8 8 8 6 6 5 5 -2
3 * 2 7 12 8 15 9 16 8 16 9 16 9 17 8 16 8 16 7 15 B 16 7 13 7 12 •3
4 - 8 9 21 10 25 11 27 11 27 11 27 11 28 10 26 10 26 10 25 11 2 7 11 24 10 22 -2
6*4 12 33 13 38 13 40 14 41 14 44 14 42 14 40 15 41 14 39 13 40 13 37 12 3 4 -3
8 * 0 19 52 20 58 20 60 21 62 21 62 21 63 20 60 21 62 22 61 21 61 19 56 18 52 - 4
9*6 2 4  76 25 83 26 86 26 88 27 89 29 92 27 87 2 8 90 29 9Q 26 87 23 79 20 72 - 5 -
10*4 IS  92 18 101 21 107 25 113 27 116 28 120 25 112 25 115 24 114 21 108 16 95 17 89 - 5 *
11*2 15 107 20 121 25 132 33 146 38 154 40 160 46  158 42 157 4 0 1 5 4 28  137 17 112 15 104 - 4
11*2 a f t e r  5 m inu tes
1 1 * 2 fa i lure  at 6 m inutes
B C
M I D  H E IG H T
1 4 - 1 5 1 4 * 1 5 1 4 - 1 5  1 1 4 - 1 5 1
t o p
2 3 4 5 6 7
a b C d e a c e
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
s 6 5 5
5 11 3 8 -
1 12 0 8
0 12 0 8 0 : 8 0 9 0 9 0 11 0 11 0 8 0 10 0 11
4 16 73 81 67 75 53 61 3 9 47 26 3 7 12 23 67 75 3 6 46 12 23 0 -120 -170 -200 -180 -120 0
1 17 4 85 2 77 2 63 4 51 7 44 5 28 2 77 5 51 4 27
1 18 3 88 3 80 3 66 2 53 2 46 1 29 3 80 2 53 1 28
I 20 7 95 6 86 6 72 5 58 4 50 2 31 6 86 4 57 2 30
0 20 3 98 2 88 2 74 2 60 1 51 1 32 2 88 2 59 1 31
0 20 2 100 2 9 0 2 76 1 61 I 52 0 32 2 90 2 61 1 32
0 20 1 101 1 91 1 ' 77 1 62 0 52 0 32 1 91 1 61 0 32 0 -130 -200 -230 -220 -140 0
0 20 1 102 1 92 1 78 1 63 0 52 0 32 1 92 1 62 0 32 0 -140 -200 -230 -200 -140 0
8 8 - 4 -4 -1 -1 2 2 4 4 6 6 7 7 -1 -1 3 3 7 7 0 21 23 2 9 24 17 0
9 17 -3 -7 -1 -2 1 3 4 8 5 11 7 14 -1 -2 4 7 7 14 0 3 8 4 9 60 50 30 0
10 27 -2 -9 -2  - 4 1 4 4 12 5 16 9 23 -1 -3 5 12 9 23 0 66 88 103 8 6 52 0
u 41 -3 -12 -2 - 6 2 6 6 18 8 24 14 37 -1 -4 7 19 15 38 0 97 140 164 139 84 0
21 62 - 6 -18 -3 -9 3 9 8 26 12 86 17 5 4 -2 *6 8 27 16 5 4 0 141 209 24 3 2 0 6 123 0
28 9 0 - 9 -2 7 - 5 - 1 4 4 13 8 3 4 12 4 8 21 75 - 4 -10 9 36 2 j 77 0 203 309 3 57 302 181 0
25 115 -2 2 -4 9 -10 -2 4 - 4 9 3 37 12 60 22 97 -9 -19 2 38 20  97 0 235 382 4 3 5 3 6 6 215 0
4 7 162 -31-80 - 3 0 - 5 4 •15 -6 7 44 17 77 24 121 -7-26 8 4 6 28125 0 2 9 0 483 540 466 280 0
29 191 -25-105 - 2 0  -74 -3 - 9 0 315 567 673 561 319 0
n 243 -25-130
D E F L E C T IO N  i n c h e s x I O -3
O N  V E R T I C A L  
C E N T R E  L IN E
M i d  h e i g h t  c 
G r o s s  a r e a  
M e a n  4 "  c u b  
F a c t o r  x =
P r e s t r e s s : 
N o m i n a l  b a i  
L i n d l e y  g a u  
I n i t i a l  p r e s t r  
C h e c k :  j a c k
L o a d i n g : 
E c c e n t r i c i t y  
R i n g  g a u g e
F a i l u r e :  
C o m p r e s s i o n  
C e n t r e  o f  f i  
N o t e s :  g r a d
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S econd  F ig u re *  \ 1 2 3 4  5 6 7
—-------- — — -------—  1  \
I n i t i a l  P r e s t r e s s : Jo.0 3*3 5*5 7*5 9*5 11*3  13*3 j
t o n .
A l l  co lum ns w ere  p i n  en d ed  e x c e p t  f o r  PTos. 1A, 
1B,1G,1D s e r i e s  12 w h ic h  h a d  f l a t  e n d s .
Beams f o l l o w  t h e  same r e f e r e n c i n g  s y s te m  a s  
co lum ns e x c e p t  t h e  s e r i e s  num ber i s  r e p l a c e d  by  t h e  
l e t t e r  ’B. '
T a b le  4 .1  w h ich  g i v e s  a c a t a l o g u e  o f  t h e  t e s t  
s p e c im e n s ,  i l l u s t r a t e s  t h i s  r e f e r e n c i n g  s y s te m .
4 . 6  A d ju s tm e n t  o f  L o a d in g .  The a p p l i e d  l o a d i n g  was 
m u l t i p l i e d  b y  a  f a c t o r  x ,  F i g  4 . 4 ,  c o n s i s t i n g  o f  t h e  
r a t i o  o f  p r o d u c t s  o f  mean a r e a  and mean cube  s t r e n g t h  
f o r  t h e  t a r g e t  t o  t h e  a c t u a l  v a l u e s .
4
T h is  a d j u s t m e n t ,  u s e d  b y  Thomas , i n  h i s  
co lum n t e s t s ,  was t o  r e d u c e  a l l  r e s u l t s  t o  common mean 
c o n d i t i o n s .
The f a c t o r  was u s u a l l y  c l o s e  t o  u n i t y ,  s u c h  
s m a l l  v a r i a t i o n s  a s  t h e r e  w ere  b e i n g  m a in ly  r e l a t e d  t o  
cube  s t r e n g t h  s i n c e  t h e  c r o s s  s e c t i o n  was s e n s i b l y  
c o n s t a n t  f o r  a l l  t e s t s .
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TABLE 4 . 1 .  CATALOGUE OF TEST SEBCIteSHS.
I sSpecimen
No.
^ries
No*
and
I/K .
End
Cond.
Eoo* o f  
Loading 
inches *
| Eoo* o f  j 
Pre s tr e ss  
inches •
Magnitude o f Prestress: 
to n s .
3A, B, C# D 
1,  11* 
21*31#
12
12
12
f la t
pinned
u
0 , 0*5 
1*0,1*5
**
m
*+
0 .0
0*0
0 .0
I ,  3 , 5 , 7.
II ,1 3 ,1 5 ,1 7 .  
2 1 ,2 3 ,2 5 ,2 7 . 
31,33,35.37*
50
50
50.
50
pinnedtt
tt
it
0*0
0*5
1.0
1*5
0 .0
0*0
0*0
0 .0
0 , 5 .5 , 9 .5 , 13*5 
0 , 5 .5 , 9 .5 ,  13.5 
0 , 5 .5 ,  9 .5 , 13.5 
0 , 5*5, 9 .5 , 13.5
*• * ^
5, 7* 
15,17 . 
25,27* 
35 ,37 .
50
50
50
50
»>
it
tt
tt
tt
0*0
0*5
1.0
1*5
0*5
0*5
0*5
0.5
9 .5 , 13.5
9 .5 ,  13*5
9 .5 , 13.5
9 .5 , 13.5
5
15,17.
25 ,27 .
35 ,3 7 .
50
50
50
50
tt
»
it
11
0*0
0*5
1*0
1*5
1*0
1*0
1*0
1.0
9.5
9*5, 13.5
9 .5 , 13.5
9 .5 , 13*5
1, 21. 75 tt 0 .0 , 1*0 0 .0
3 , 5 , 7# 
11,13,15,17*  
21 ,23 ,25 ,27 . 
3 1 ,3 3 .3 5 ,3 7 .
100
100
100
100
tt
tt
tt
tt
0 .0
0*5
1*0
1*5
0*0
0.0
0*0
OoO
0 , 5 .5 , 9 .5 , 13.5  
0 , 5 .5 , 9 .5 , 13.5 
0 , 5 .5 ,  9 .5 , 13.5  
Of 5 .5 , 9 .5 , 13*5
12,14,13,15
25,27.
35 .
100 ! ■ 
100 [ 11 
100 i 11
0*5
1*0 
........1*5
0*5
0*5
0*5
3 .5 , 7 .5 , 5 .5 ,  9 .5 .
9 .5 , 13*5 
9.5
15.
25,27. 
. ?  35,37,
r
100 j « 
100 * 
100 1 *
0.5
1*0
1*5
1*0
1*0
1*0
9 .5
9 .5 , 13.5
9 .5 , 13*5
B l, 3 ,  5,  7 , -  ;Beamg } Stb point 
5, 7. «  { ” )  loading. 
5 . 7 . -  ' " ) " 1
0 .0
0*5
1 .0
0 , 5 .5 ,  9 .5 , 13c5
9 .5 , 13.5
9 .5 , 13 .5  f
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CHAPTER 5.
THE TESTING MACHINES.
5 .1  G e n e ra l r e q u i r e m e n ts  o f  m ach ine  f o r  75 and  100 i n c h  
lo n g  co lum ns
1 .  C a p a b le  o f  t e s t i n g  co lum ns w i t h  an  e s t i m a t e d  maximum 
c a p a c i t y  o f  up t o  30  t o n s  w i t h  b o t h  sm oo th  a n d  r a p i d  
l o a d i n g  a p p l i c a t i o n ,
2 .  R o b u s t ,  s t a b l e  and  n o t  dam aged b y  su d d e n  c o l l a p s e  o f  
a  s p e c im e n .
3 .  C a p a b le  o f  g i v i n g  a c c u r a t e l y  t h e  l o a d  on  t h e  s p e c im e n .  
The l o a d  t o  be  so  a p p l i e d  t h a t  b u c k l i n g  o f  t h e  co lum n 
w ould  n o t  r e s u l t  i n  s i g n i f i c a n t  r e l i e f  o f  t h e  l o a d ,  i n  
o r d e r  t h a t  s t r a i n  and  d e f l e c t i o n  r e a d i n g s  may be  
r e l a t e d  t o  a  d e f i n i t e  l o a d i n g  c o n d i t i o n .
4 .  Load a p p l i c a t i o n  p o i n t s  t o  p r o v i d e  no r e s t r a i n t  i n  
t h e  d i r e c t i o n  o f  b e n d in g .
5* A b le  t o  be s a f e l y  s e t  up  and  o p e r a t e d  by  one p e r s o n .
6 ,  M a t e r i a l s  and  f a b r i c a t i o n  to  i n v o l v e  minimum e x p e n s e .
7 .  A f u r t h e r  s p e c i a l  r e q u i r e m e n t ,  due t o  im m in en t  
e x t e n s i v e  r e c o n s t r u c t i o n  o f  t h e  l a b o r a t o r i e s ,  was t h e  
n e e d  f o r  e a s y  r e m o v a l  o f  t h e  a p p a r a t u s  t o  a  d i f f e r e n t  
l o c a t i o n  w i t h o u t  a l t e r a t i o n  o f  t h e  m a c h in e ’ s 
c h a r a c t e r i s t i c s .
5 .2  D e v e lo p m en t o f  t h e  a p p a r a t u s .  No e x i s t i n g  m ac h in e
i '
f u l f i l l e d  t h e  l e n g t h  r e q u i r e m e n t .
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The e x t e n s i o n  o f  a  h y d r a u l i c  p r e s s  was c o n s i d e r e d  
h u t  t h i s  i d e a  was r e j e c t e d ,  f o r  lo n g  c o lu m n s ,  due  t o  t h e  
d i f f i c u l t y  i n  m a i n t a i n i n g  c o n s t a n t  l o a d i n g  d u r i n g  b u c k l i n g ,  
e v en  w i t h  a u t o m a t i c  c o n t r o l  i n c o r p o r a t e d  i n  t h e  p u ap  s y s te m .
To r e d u c e  t h e  a p p l i e d  l o a d i n g  a  s im p le  l e v e r  
s y s te m  was d e v e lo p e d  and  f i n a l i s e d  i n t o  t h e  m ac h in e  shown 
i n  F ig  5*1• The o r i g i n a l  w o rk in g  a n d  a s s e m b ly  d e t a i l s  a r e  
g i v e n  b y  F i g s  5 . 2 ,  5*3 and. 5.4-.
T h is  m ach in e  f u l f i l l e d  a l l  t h e  r e q u i r e m e n t s  a n d  
no m o d i f i c a t i o n s  t o  t h e  o r i g i n a l  d e s i g n  w ere  r e q u i r e d  
t h r o u g h o u t  t h e  t e s t s .
The l e v e r  p r o p o r t i o n s ,  w h ich  w e re  d i c t a t e d  b y  
t h e  l e n g t h  o f  e x i s t i n g  m a t e r i a l s ,  r e d u c e d  t h e  a p p l i e d  l o a d i n g  
t o  l e s s  t h a n  two t o n s  w h ich  was c o n s i d e r e d  t o o  h i g h  f o r  
g r a v i t y  l o a d i n g ,  due  t o  t h e  l e n g t h  o f  t im e  r e q u i r e d  t o  
a p p ly  t h e  l o a d  and  t h e  d a n g e r  f ro m  s l i p p i n g  k e n t l e d g e  a t  
c o l l a p s e  o f  a  s p e c im e n .
A s c re w  d e v ic e  was i n c o r p o r a t e d  t o  p r o v i d e  b o t h  
sm ooth  and  r a p i d  a p p l i c a t i o n  o f  t h e  l o a d  w h ic h  Y\ras m e a su re d  
by  a  s e n s i t i v e  r i n g  gau g e  i n  t h e  l o a d i n g  t r a i n .  The l o a d  
was a p p l i e d  t o  t h e  l e v e r  s y s te m  t h r o u g h  a  c o m p r e s s io n  s p r i n g  
w h ic h  s a t i s f a c t o r i l y  b u f f e r e d  t h e  t e n d e n c y  f o r  t h e  a p p l i e d  
l o a d  t o  f a l l  when t h e  sp e c im e n  b u c k l e d .
A p a r t  f ro m  t h e  twTo 1Ya i n c h  d i a m e t e r  h i g h  t e n s i l e  
s t e e l  t i e  b a r s ,  w h ic h  w ere  o b t a i n e d  f ro m  M e s s r s .  M c C a lls
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T e s t i n g  r i g  fo r  1 0 0  inch long c o l u m n s .
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M a c a l lo y  L i m i t e d ,  S h e f f i e l d ,  a l l  t h e  a p p a i ^ u s  was f a b r i c a t e d  
f ro m  e x i s t i n g  m a t e r i a l s  i n  t h e  c o l l e g e  w o rk sh o p s  b y  t h e  
s t a f f  o r  t h e  a u t h o r .
The m ach in e  was a s s e m b le d  i n  a  l a r g e  l a b o r a t o r y  
w i t h  an  i n d e p e n d e n t  s u r r o u n d i n g  s c a f f o l d i n g  f r a m e ,  w h ic h  
c a r r i e d  t h e  d e f l e c t i o n  g a u g e s  and p r o v i d e d  s u p p o r t  f o r  t h e  
t o p  beam p r i o r  t o  i n s e r t i o n  o f  a  s p e c im e n .
5 . 3  D e s c r i p t i o n  o f  A p p a r a t u s .  The g e n e r a l  a r r a n g e m e n t  ,
P i g  5 * 2 ,  s h o w s . th e  m a in  e s s e n t i a l s  t o  c o n s i s t  o f : -
a .  Top and  b o t to m  b eam s.
b .  T ie  b a r s  and  a s s e m b ly .
c .  L o a d in g  t r a i n .
The b eam s w ere  8 ,f x  4 ” x  18 l b  R . S . J .  e a c h  7 , 6 11 
l o n g ,  w i t h  t h e  c e n t r e  o f  l o a d  a p p l i c a t i o n  an d  a n c h o r a g e  
$ i n c h e s  f ro m  t h e  e n d s .
A c c u r a t e  l o c a t i o n  o f  t h e  s p r i n g  was o b t a i n e d  b y
l u g s  w e ld e d  t o  t h e  t o p  P i g  5*3*
The k n i f e  e d g e s  w ere  s h o r t  l e n g t h s  o f  h a r d e n e d  
1 i n c h  s q u a r e  t o o l  s t e e l  w h ic h  f i t t e d  i n t o  m a tc h in g  s e a t i jq g s  
i n  t h e  k n i f e  edge  p l a t e s ,  P ig  3*3* T h i s  c o n s t r u c t i o n  
a l l o w e d  r e a d y  r e m o v a l  o f  t h e  k n i f e  e d g e s  a f t e r  e a c h  t e s t .
The p l a t e s  w ere  a t t a c h e d  t o  t h e  beam s w i t h  f i t t e d  b o l t s  
t o  g i v e  an  i n v a r i a b l e  l e v e r  r a t i o .
The t u r n b u c k l e  c o n s i s t e d  o f  two s t e e l  s t r a p  p l a t e s  
s p a c e d  a p a r t  by  a n d  w e ld e d  to  two end b l o c k s .  Two h a l f
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i n c h  d i a m e t e r  h a n d l e s  w e ld e d  a t  r i g h t  a n g l e s  t o  t h e  s t r a p s  
a l l o w e d  e a s y  r o t a t i o n  o f  t h e  t u r n b u c k l e .  The u p p e r  b ^ o c k  
f r e e l y  p a s s e d  a  h e a v y  s h a f t ,  f ro m  t h e  r i n g  g a u g e ,  a n d  a c t e d  
a s  s e a t i n g  f o r  a  s m a l l  t h r u s t  b e a r i n g .  The lo w e r  b l o c k  
was d r i l l e d  and  t a p p e d  t o  r e c e i v e  t h e  f e e d  s e re ? /  w h ic h  i n  
t u r n  was c o n n e c te d  t o  t h e  b a s e  by  a  h a rd e n e d  s t e e l  p i n .
The i 1/£ i n c h  s q u a r e  s e c t i o n ,  h i g h  t e n s i l e  s t e e l  
r i n g  gau g e  was c a l i b r a t e d  on  t h e  0 t o  5 t o n  r a n g e  o f  a  
D e n is o n  t e s t i n g  m ac h in e  and  t h e  c a l i b r a t i o n  c h e c k e d  
s e v e r a l  t i m e s .
C o n n e c t io n  o f  t h e  r i n g  g a u g e  t o  t h e  h a n g a r  s t r a p s  
was p r o v i d e d  b y  a  1 i n c h  d i a m e t e r  m i ld  s t e e l  p i n  and  c e n t r a l  
l o c a t i o n  was o b t a i n e d  by  th& u s e  o f  two s l e e v e  s p a c e r s .
Dead w e ig h t  o f  t h e  l o a d i n g  a s s e m b ly  and  t h e  t o p  
beam was t a k e n  i n t o  a c c o u n t  i n  t h e  f i r s t  l o a d i n g  i n c r e m e n t .
5 . 4  B e t t i n g  up  t h e  a p p a r a t u s .
1 • The p i n  c a r r y i n g  t h e  r i n g  g a u g e  v/as rem ov ed  and  t h e  
g au ge  and t u r n b u c k l e  a s s e m b ly  was a l l o w e d  t o  r e s t  on 
t h e  lo w e r  beam .
2 .  The t o p  n u t s  on t h e  t i e  b a r s  v/ere r u n  up  and  t h e  t i e
b a r  en d  o f  t h e  u p p e r  beam was r a i s e d  a n d  s u p p o r t e d
o f f  t h e  s c a f f o l d i n g  f ram e  by  t i m b e r  b l o c k s .
$ .  The l o a d i n g  e n d ,  w i t h  t h e  h a n g a r  s t r a p s  an d  s p r i n g
a t t a c h e d ,  was s i m i l a r l y  b l o c k e d  u p .
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4 .  The k n i f e  edge  a t  t h e  b o t to m  o f  t h e  c o lu m n , w as s l i p p e d
i n t o  i t s  s e a t i n g  and t h e  co lum n was l i f t e d  i n t o  p l a c e .
5 .  The u p p e r  k n i f e  e d g e ,  a t  t h e  t o p  o f  t h e  c o lu m n , was
p o s i t i o n e d ,  t h e  t i m b e r  b l o c k  was re m o v e d ,  a n d  t h e  
beam was t h e n  lo w e re d  on t o  t h e  k n i f e  e d g e .
6 .  The d i a l  g a u g e s  w h ic h  w ere  c a r r i e d  by  b r a c k e t s  o f f  
t h e  s c a f f o l d i n g  f r a m e ,  w e re  s e t  on t h e  s p e c im e n ,  t h e
r e a d i n g s  n o t e d ,  and  t h e  "no lo a d "  s t r a i n  r e a d i n g s
b - t |tk en .
7* The to p m o s t  k n i f e  edg e  was i n s e r t e d  and  t h e  n u t s  w ere  
'%ight^edLtx)^lSt,f t  Mv&llo&dind &*idVo$ fch&“ 
a b o u t  3 i n c h e s  ab o v e  t h e  t i e d  e n d .
8 .  The r i n g  gaug e  a s s e m b ly  was o f f e r e d  u p ,  t h e  c o n n e c t i n g
p i n  and  s p a c e r  s l e e v e s  w ere  i n s e r t e d ,  and t h e  r i n g
gaug e  was s e t  t o  z e r o .
9 .  The t u r n b u c k l e  was r o t a t e d  u n t i l  t h e  r i n g  gauge  g av e
t h e  r e q u i r e d  f i r s t  i n c r e m e n t  o f  l o a d i n g ,  w h ic h  a l lo w e d  
f o r  t h e  d e a d  w e ig h t  o f  t h e  a s s e m b ly ,  and  t h e  d e f l e c t i o n  
o f  and  s t r a i n s  on t h e  sp e c im e n  w ere  m e a s u re d .
1 0 .  The l o a d i n g  i n c r e m e n t s  a n d  r e a d i n g s  w ere  c o n t i n u e d  
t o  f a i l u r e .
5 .5  M ach ine  f o r  t e s t i n g  50 i n c h  lo n g  c o lu m n s .  A h y d r a u l i c
p r e s s  w i t h  s p e c i a l l y  made c r o s s  h e a d  g u i d e s  was fo u n d
s a t i s f a c t o r y ,  P i g  5*5*
1 2 
General  v i e w  E n l a r g e d  v iew  of  f r a c t u r e d  c o lu m n
T e s t i n g  m a c h in e  for  5 0  in ch  l o n g  c o l u m n s
FIG . 5.5
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D i a l  g a u g e s ,  he ld , by  a rm s s t r a p p e d  t o  one o f  
t h e  c r o s s  h e a d  g u i d e s ,  p r o v i d e d  r e a d i n g s  o f  d e f l e c t i o n .
The l o a d i n g  was r e a d  d i r e c t l y  f r o n  a  p r e s s u r e  
g a u g e ,  p r e v i o u s l y  c a l i b r a t e d  a g a i n s t  a  p r o o v i n g  r i n g , '  and  
m a i n t a i n e d  s e n s i b l y  c o n s t a n t  by  i n t e r m i t t e n t  p um ping .
5 .6  M achine  f o r  t e s t i n g  12  i n c h  co lum ns and, p r i s m s .  A l l  
12 i n c h  l o n g  s p e c im e n s  w ere  t e s t e d  i n  an  A v e ry  l e v e r  t y p e  
e l e c t r i c a l l y  o p e r a t e d  m a c h in e ,  a s  F ig  5 * 6 ( 2 ) ,  w h ic h  shows 
a  t e s t e d  f l a t  en d ed  p r i s m .  B e a r in g  p a d s  w ere  r e p l a c e d  by  
k n i f e  e d g e s  f o r  co lum n t e s t s ,  F i g  6 . 4 ( 3 ) ,  a n d  t h e  m id -  
h e i g h t  d e f l e c t i o n  m e a su re d  b y  a  s i n g l e  d i a l  gauge  c a r r i e d  
o f f  t h e  m ach in e  b e d .
5 . 7  Beam t e s t i n g  m a c h in e .  50 i n c h  lo n g  s p e c im e n s  w ere  
t e s t e d  i n  an  e l e c t r i c a l l y  o p e r a t e d  h y d r a u l i c  A very  beam 
t e s t i n g  m a c h in e ,  F ig  5 * 6 ( 1 ) .
The n o rm a l  two r i g i d  p o i n t  l o a d  a p p l i c a t i o n  was 
m o d i f i e d  b y  a d d in g  two s h o r t  l e n g t h s  o f  K . S . J . ,  g ro o v e d  
t o  l o c a t e  them  u n d e r  t h e  m a c h in e * s  k n i f e  e d g e s ,  t o  g i v e  
f i f t h  p o i n t  l o a d i n g .
T h is  a d a p t a t i o n  was t o  p r o v i d e  a  more e v e n  
l o a d i n g ,  r e d u c e  t h e  c o n c e n t r a t i o n  o f  l o a d  a t  t h e  l o a d i n g  
p o i n t s  and  t o  o b v i a t e  t h e  p o s s i b i l i t y  o f  l o c a l  f a i l u r e  a t  
t h e  l o a d i n g  p o i n t s .
1
T e s t i n g  m a c h i n e  f o r  b e a m s  
f i f t h  point  loading
rS rS
r........
2
T e s t i n g  machine  for 1 2 inch l o n g  specimens  
pads rep laced  by k n i f e  e d g e s  for columns
FIG. 5 . 6
CHAPTER 6.
GENERAL CONSIDERATIONS.
6 .1  U l t i m a t e  l o a d :  P^  U l t i m a t e  l o a d  i s  d e f i n e d  a s  t h a t  
e x t e r n a l l y  a p p l i e d  l o a d  v /h ich  c a u s e s  r a p i d l y  i n c r e a s i n g  
s t r a i n s ,  and  d e f l e c t i o n s ,  r e s u l t i n g  i n  c o m p le te  f a i l u r e .
F o r  v e r y  r a p i d  l o a d i n g  a  s l i g h t l y  h i g h e r  maximum 
l o a d  n i g h t  h av e  b e e n  o b t a i n e d .  H ow ever, s i n c e  t h e  t i n e  
t a k e n  f o r  e a c h  t e s t  t o  f a i l u r e  was a b o u t  30  m i n u t e s ,  w i t h  
u s u a l l y  l e s s  t h a n  10 m in u te s  u n d e r  l o a d i n g  i n  e x c e s s  o f  
80 p e r  c e n t  o f  P , t h e  l o a d  c r i t e r i o n  a ssum ed  was c o n s i d e r e d  
a  f a i r  i n t e r p r e t a t i o n  o f  u l t i m a t e  l o a d  f o r  s h o r t  t e r m  t e s t s .
6 . 2  T e n s i l e  s t r e n g t h  o f  c o n c r e t e .  The t e n s i l e  s t r e n g t h  o f
c o n c r e t e  i s  r e l a t i v e l y  low  g e n e r a l l y  b e in g  o n ly  10 t o  13
45 44p e r  c e n t  o f  t h e  c o m p r e s s iv e  s t r e n g t h  , a l t h o u g h  v a l u e s
4-6 78up  t o  20 p e r  c e n t  h a v e  b e e n  r e c o r d e d  ’ ' .
4-5F e r g u s o n  ^ s u g g e s t e d  f o r  o r d i n a r y  r e i n f o r c e d
c o n c r e t e ,  t h a t  c r a c k i n g  commences a t  a  m i ld  s t e e l  s t r e s s  o f
6000 l b / i n ^  w h ic h ,  a s su m in g  Eg « 30  x  10^  l b / i n ^  a n d  t h e
s t r a i n  i n  s t e e l  and  a d j a c e n t  c o n c r e t e  a r e  i d e n t i c a l ,
- 5c o r r e s p o n d s  t o  a  t e n s i l e  c o n c r e t e  s t r a i n  o f  20 x  10 .
47B a te  r e p o r t e d  t e s t s  on  65 p r e t e n s i o n e d  beam s a s  
p a r t  o f  t h e  B u i l d i n g  R e s e a r c h  S t a t i o n ' s  program m e i n  w h ic h
t h e  mean v a l u e  o f  t e n s i l e  s t r e s s  i n  t h e  c o n c r e t e  was
P 21060  l b / i n  w i t h  a  minimum v a l u e  o f  550 l b / i n  .
The e f f e c t  o f  w i d e l y  d i f f e r e n t  a g g r e g a t e s  on
f l e x u r a l  t e n s i l e  s t r e n g t h  was i n v e s t i g a t e d  b y  J o n e s  and
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4-8K a p la n  u s i n g  a n  u l t r a s o n i c  p u l s e  t e c h n i q u e  who, f ro m
2b e a n  t e s t s ,  o b t a i n e d  v a l u e s  i r o n  550  t o  700 l b / i n  ,  f o r
2c o n c r e t e  o f  cu be  s t r e n g t h  £ * 6000  l b / i n  *
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D erw ent q u o te d  s t r a i n s  o f  o n ly  10 x  10 x a t
50d e v e lo p m e n t  o f  m i c r o - c r a c k i n g ,  th o u g h  B la k e y  an d  B e r e s f o r d
p o i n t e d  o u t  t h a t  f o r c e  i s  s t i l l  t r a n s m i t t e d  t h r o u g h  t h e
c o n c r e t e  a c r o s s  n a r ro w  w i d t h  c r a c k s  and  s u g g e s t  t h i s
a p p a r e n t l y  c o n t r a d i c t o r y  phenom enon i s  due t o  t h e  ”3Free
s u r f a c e  e n e r g y  o f  t h e  s o l i d . ” The l o s s  o f  r e s i s t i n g  f o r c e
o f . c o n c r e t e  i n  t e n s i o n  w ould  a p p e a r  t h e r e f o r e  t o  o c c u r  a t
- 5a  s t r a i n  i n  e x c e s s  o f  10 x  10 .
S e v e r a l  i n v e s t i g a t o r s  h a v e  shown t h e  i n i t i a l
m odulus o f  e l a s t i c i t y  f o r  c o n c r e t e  i n  t e n s i o n  t o  be n e a r l y
42  50  5-1
i d e n t i c a l  t o  t h a t  i n  c o m p r e s s io n  a n d ,  f o r  p r a c t i c a l
50 51p u r p o s e s ,  l i n e a r  t o  f a i l u r e ^  •
By u s i n g  a  v a lu e  o f  E ,■ o b t a i n e d  f ro m  t e s t s  on
" s h o r t ” c o lu m n s ,  a n d  a  l i m i t i n g  v a l u e  f o r  t e n s i l e  s t r a i n  o f
—50 .1  o f  t h e  c r i t i c a l  c o m p r e s s iv e  s t r a i n  (1 8  x  10 s e e  
C h a p te r  6 * 3 )  t h e  t e s t  r e s u l t s  w e re  a n a l y s e d  t o  d e t e r m i n e  
t h e  e f f e c t  o f  c o n c r e t e  i n  t e n s i o n .  The c a l c u l a t e d  t e n s i l e  
f o r c e  n e v e r  e x c e e d e d  2 p e r  c e n t  o f  t h e  c o m p r e s s iv e  f o r c e  C 
an d  t h e  moment a b o u t  t h e  t e n s i l e  s t e e l  was i n s i g n i f i c a n t *  
A l th o u g h  some t e n s i l e  f o r c e  i s  known t o  be 
d e v e lo p e d  b y  t h e  c o n c r e t e  t h e  e f f e c t  i s  s m a l l  a n d  c o n c r e t e  
h a s  b e e n  a ssu m ed  t o  p r o v i d e  no r e s i s t a n c e  t o  t e n s i l e  f o r c e s
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i n  t h e  s u b s e q u e n t  a n a l y s i s .
6 . 5  C r i t i c a l  and  u l t i m a t e  c o m p r e s s iv e  s t r a i n s  i n  c o n c r e t e .  
The c r i t i c a l  s t r a i n  8 i s  d e f i n e d  a s  t h eO
n u m e r i c a l  su n  o f  s u r f a c e  s t r a i n s  a t  t h e  f a c e  u l t i m a t e l y  
f a i l i n g  e i t h e r  i n  p r im a r y  o r  s e c o n d a r y  c o m p r e s s io n  
( C h a p te r  6 .9 ) >  due to  r e l e a s e  o f  p r e s t r e s s  and  e x t e r n a l  
l o a d i n g ,  m e a su re d  w i t h i n  one h a l f  m in u te  o f  a p p l i c a t i o n  
o f  t h e  u l t i m a t e  l o a d .
F i g u r e  6 .1  shows v a l u e s  f o r  c r i t i c a l  s t r a i n  
f o r . a l l  t e s t s ,  r e p r e s e n t e d  s t a t i s t i c a l l y .
The r a n g e  f o r  a l l  m a g n i tu d e s  and  e c c e n t r i c i t i e s  
o f  p r e s t r e s s ,  i n c l u d i n g  co lum ns a n d  b e am s , was 8 = 120
v
t o  266 x  10 ^ com pared  w i t h  s t r a i n s  " a t  f i r s t  s i g n s  o f
h.
d i s t r e s s "  o b t a i n e d  by  Thomas , f o r  r e i n f o r c e d  c o n c r e t e
c o lu m n s ,  o f  8 .  * 130 t o  250 x  1 0 ~ ^ .c
O ver 90 p e r  c e n t  o f  t h e  v a l u e s  w ere  w i t h i n  t h e
r a n g e  8 c = 140 t o  230 x  10~^ and  t h e  s t a n d a r d  d e v i a t i o n
fro m  t h e  mean v a l u e  o f  8 = 180 x  10“ ^ was 25 x  10 - ^ .c T
S h o r t  f l a t  co lum ns (1A ..to  D; •£ = 3* )  gave  c r i t i c a l
- 5s t r a i n s  o f  146 t o  193 x  10 ^ w h ic h  may be com pared  t o
s t r a i n s  o f  130 t o  140 x  10~^ " a t  f i r s t  c r a c k i n g "  i n  t e s t s
by  H a j n a l - K o n y i ^ 2 . ( ^  * 5 ; 3*5 and  7 p e r  c e n t  o f
m i ld  s t e e l  r e i n f o r c e m e n t )  an d  " f i r s t  c r a c k i n g "  and
- 5" u l t i m a t e "  s t r a i n s  o f  200 t o  230 x  10 ^ i n  s i m i l a r  t e s t s
hCL T
b y  E vans and  Lawson . Gjr ~ 5* 1 .1  t o  4 . 8  p e r  c e n t
m i ld  s t e e l ) .
V A R I A T I O N  OF C U B E  S T R E N G T H S  A N D  C R I T I C A L  S T R A I N S .
A s s u m e d  mea n  v a l u e  
s 6,000 I b/sq-in
r ~r 1 11 i
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HISTOGRAM OF t “ CUBE CRUSHING STRENGTH f c I k / s  ({.inch
Mean v a l u e = 5 8 4 0  t b . / sq .  rnch S ta n d a rd  d e v i a t i o n = / , o U b / s q . i n c h  
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= 1 8 0 x 1 0i-5
I .M— .f-  p.
No.pinended columns = 65  
No f la t  ended columns = 4  
No. beams = 8
a
t o t a l  = 7 7
100 200
T 1---
300
HISTOGRAM OF CRITICAL COMPRESSIVE STRAIN AT f^ : i f  10
- 5  ” 5Mean v a l u e r  1 8 0 x 1 0 .  S ta n d a rd  dev ia t io ns  25- x 10
m.s. r e in fo rc em e n t  = 1*4 */•
-5.
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A t t h e  l a s t  s t r a i n  r e a d i n g  b e f o r e  f a i l u r e  o f  a
f l a t  en d ed  co lu m n , p r e s t r e s s e d  w i t h  f o u r  ^  i n c h  d i a m e t e r
3 - 5b a r s ,  R e c c h io ^  o b t a i n e d  a  c r i t i c a l  s t r a i n  o f  194  x  10
The r e s u l t s  o f  an  e x t e n s i v e  s e r i e s  o f  u n p u b l i s h e d
t e s t s  c a r r i e d  o u t  a t  t h e  B u i l d i n g  R e s e a r c h  S t a t i o n ,  on  beam s
p r e t e n s i o n e d  t o  g i v e  z e ro  s t r e s s  a t  t h e  u p p e r  f i b r e s  b e f o r e
l o a d i n g ,  showed an  a p p a r e n t  t e n d e n c y  f o r  t h e  c r i t i c a l  s t r a i n
t o  i n c r e a s e  w i t h  i n c r e a s i n g  p r e s t r e s s  and  more m a r k e d ly  a s
t h e  r e c t a n g u l a r  s e c t i o n  was r e d u c e d  t o  a  t h i c k  webbed I .
The c r i t i c a l  s t r a i n  r a n g e  f o r  t h e  B .R .S# t e s t s  i n c l u d i n g
t h e  I  s e c t i o n  b eam s, was 160 to  230 x  10 . ho s u c h
d e f i n i t e  t r e n d  was fo u n d  f ro m  t h e  a u t h o r ' s  t e s t s  a l t h o u g h
t h e  c r i t i c a l  s t r a i n  d i d  a p p e a r  t o  be g r e a t e r  f o r  h i g h e r
m a g n i tu d e s  o f  p r e s t r e s s . .
R ron  c y l i n d e r  and  beam t e s t s  and a  w id e  r a n g e  o f
45 51s t r e n g t h s  w i t h  p l a i n  c o n c r e t e  R e rg u so n  , S m ith  and  Young^
53and  H o g n e s ta d ^  , show t h e  c r i t i c a l  s t r a i n  v a lu e  t o  b e
- 5s e n s i b l y  c o n s t a n t , a t  a b o u t  180 t o  200 x  10 . I t  f o l l o w s
t h e r e f o r e  t h a t  f o r  s h o r t  t e r n  t e s t s ,  t h e  v a lu e  o f  8 i s7 c
p r a c t i c a l l y  i n d e p e n d e n t  o f ,  o r  a t  l e a s t  v e r y  l i t t l e  a f f e c t e d
b y ,  v a r i a t i o n  o f  c o n c r e t e  s t r e n g t h  and  t h e  a u t h o r ' s  t e s t s
show l i t t l e  o r  no a f f e c t  f ro m  co lum n l e n g t h ,  l o a d i n g  a n d
p r e s t r e s s  e c c e n t r i c i t y .  T h e re  was a  g e n e r a l  t r e n d  f o r  t h e
lo w e r  c r i t i c a l  s t r a i n  v a l u e s  t o  b e  a s s o c i a t e d  w i t h  t h e
- 5s m a l l e r  n e u t r a l  a x i s  d e p t h s ,  t h e  o r d e r  b e i n g  140 x  10 .
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f o r  c = 0 . 5 ;  180 x  10~"* , c ^ .  = 1*0 and  220 x  10~^ f o r
c / t  * 2 . 0 .  T h is  c o u ld  "be a c c o u n te d  f o r .  by  t h e  low  Cy^ .
r e a d i n g s  h a v in g  b e e n  t a k e n  b e f o r e  c r a c k i n g  was d e e p  enough  
f o r  th e  f u l l  c o n c r e t e  s t r a i n  t o  be i n d u c e d ,  w h e re a s  w i t h  
h ig h  c ^  v a l u e s  ( p r im a r y  c o m p r e s s iv e  f a i l u r e  ) t h e  s h o r t  
t im e  b e tw e e n  t h e  a p p l i c a t i o n  o f  t h e  l o a d  an d  m ea su re m e n t 
o f  t h e  s t r a i n s  may h a v e  r e s u l t e d  i n  a  n o t i c e a b l e  s t r a i n  
i n c r e a s e  due t o  c r e e p .
Evans and  W i l l i a m s  showed t h e  i n t e r n a l  s t r a i n
f o r  n o n - p r e s t r e s s e d  m em bers , a t  i n t e r f a c e  o f  s t e e l  an d  a t
t h e  c e n t r e  o f  t h e  s e c t i o n ,  was some 16 p e r  c e n t  h i g h e r  t h a n  
s u r f a c e  s t r a i n s  b u t  t h a t  t h e s e  s t r a i n s  w ere a p p a r e n t l y  
i d e n t i c a l  f o r  beam s p r e s t r e s s e d  w i t h  a  d e fo rm e d  b a r  f ro m  
t h e  sa n e  r o l l i n g  a s  t h o s e  u s e d  i n  t h e  a u t h o r ' s  t e s t s .
S u r f a c e  s t r a i n s  a r e  q u o te d  i n  t h i s  w ork  a l t h o u g h  
i t  was b o r n e  i n  m ind  t h a t  an  i n c r e a s e  i n  s u r f a c e  s t r a i n s  t o  
o b t a i n  s t r a i n s  a t  t h e  s t e e l  i n t e r f a c e  f o r  t h e  n o n - p r e s t r e s s e i  
m em b ers , w ould  h av e  r e d u c e d  t h e  r a n g e  o f  a v e r a g e  s t r a i n s  
a c r o s s  t h e  s e c t i o n  and t h e  s t a n d a r d  d e v i a t i o n .  A ls o  t h e  
h i s t o g r a m ,  F i g  6 . 1 ,  w ould  h a v e  shown ev en  l e s s  v a r i a t i o n  
f ro m  t h e  mean v a l u e .
F i n a l  u l t i m a t e  s t r a i n s  8U a r e  a f f e c t e d  by
54- 55c o n c r e t e  s t r e n g t h  an d  M o r ic e ^  q u o t e s  B i l l e t  and A p p l e t o n ' s ^  •
c u rv e  w h ic h  shows 8U * 210 x  10*“"* a t  f  « 9000 l b / i n ^
i n c r e a s i n g  n e a r l y  u n i f o r m l y  t o  a  v a l u e  o f  8U * 400 x  10*""*
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a t  f .  » 2000  Vo/xx?. R o ss  s u p p o r t s  t lx i s  t r e n d .
I n  t h e  a u t h o r ' s  t e s t s  t h e  u l t i m a t e  s t r a i n s  w ere
c - 5fo u n d  t o  v a r y  f ro m  c = 200 t o  600 x  10 ^ f o r  a s e n s i b l y
p
c o n s t a n t  c o n c r e t e  s t r e n g t h  o f  f  = 6000  l b / i n  .c
- 5A mean u l t i m a t e  s t r a i n  o f  J8 0  x  10 ^ was p r o p o s e d  
5
by  H o g n e s ta d  , f o r  a n a l y s i s ,  and  t h i s  f i g u r e ,  w h ic h  he 
o b t a i n e d  b y  e x t r a p o l a t i o n ,  was p r o b a b l y  t h e  b a s i s  o f  t h e
O'] - .5
l i m i t i n g  s t r a i n s  recom m ended i n  B r i t i s h  (3 3 0  x  10 
2 2  - . 5
and  A m e ric an  (300  x  10 O  Codes o f  P r a c t i c e  f o r  r e i n f o r c e d  
c o n c r e t e ,
27E vans ' h a s  shown by  t e s t s  on r e i n f o r c e d  c o n c r e t e  
co lum ns w i t h  h i g h  t e n s i l e  s t e e l  r e i n f o r c e m e n t ,  t h a t  u l t i m a t e  
s t r a i n  i s  a f f e c t e d  by  p e r c e n t a g e  o f  r e i n f o r c e m e n t  a n d  g i v e s  
v a l u e s  o f  8 U = 200 x  10~^ f o r  s m a l l  p e r c e n t a g e s ,  o f  t h e  
o r d e r  o f  1 p e r  c e n t ,  and  3 0 0  x  10 f o r  7*3 p e r  c e n t ,
H u s c h ^  s t a t e d  c a t e g o r i c a l l y  t h a t  t h e  common 
c o n s t a n t  u l t i m a t e  s t r a i n  a s s u m p t io n  i s  f a l s e  -  " I t  i s  e a s y  
t o  p ro v e  t h a t  t h e - m a g n i t u d e  o f  t h e  s t r a i n  a t  f a i l u r e  n o t  
o n ly  d e p e n d s  on t h e  p o s i t i o n  o f  t h e  n e u t r a l  a x i s  b u t  a l s o  
on t h e  s h a p e  o f  t h e  c r o s s  s e c t i o n . "
M easu rem en t o f  u l t i m a t e  s t r a i n s  and  a s s o c i a t e d  
d e f l e c t i o n s  a r e  a lw a y s  d i f f i c u l t  t o  o b t a i n  a n d  e x t r a p o l a t i o n  
o f  e x p e r i m e n t a l  c u r v e s  i s  u s u a l l y  n e c e s s a r y .
The a u t h o r  h a s  u s e d  a  c r i t i c a l  ( p e a k )  s t r a i n  o f  
8 * 180 x  10~5 , a s  a  p a r a m e t e r  i n  t h e  c o m p a t i b i l i t y
C
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e q u a t i o n s ,  f o r  a l l  p o s i t i o n s  o f  t h e  n e u t r a l  a x i s ,  i n  p r e ­
f e r e n c e  t o  t h e  w id e  r a n g e  o f  u l t i m a t e  s t r a i n s  t h e  mean 
v a lu e  o f  w h ic h  was c o n s i d e r e d  more s u s c e p t i b l e  t o  r a t e  o f  
l o a d i n g ,  p r e c i s e  t im e  o f  m e a s u re m e n t ,  and t o  u n a v o id a b le  
s m a l l  v a r i a t i o n s  i n  c o n c r e t e  s t r e n g t h *
- 5The assum ed  c r i t i c a l  s t r a i n  v a lu e  o f  180 x  10
- 5i s  a  l i t t l e  lo w e r  t h a n  t h a t  o f  200 x  10 ^ recom m ended by
57t h e  B r i t i s h  Code o f  P r a c t i c e  f o r  P r e s t r e s s e d  C o n c r e t e ^ '
25 58 4-7and  B a k e r  , B e n n e t t ^  a n d  B a te  { , f o r  p r e s t r e s s i n g
q u a l i t y  c o n c r e t e .
6«4- C r u s h in g  s t r e n g t h  o f  c o n c r e t e .  The c r u s h i n g  s t r e n g t h  
o f  c o n c r e t e  may be m e a su re d  fro m  sa m p le s  i n  t h e  fo rm  o f  
6 i n c h  d i a m e t e r ,  12 i n c h  lo n g  c y l i n d e r s  o r  4- i n c h  o r  6 
i n c h  c u b e s .  The a u t h o r  d e n o te s  t h e s e  c r u s h i n g  s t r e n g t h s  
by  f ^  , f  a n d  f ^  r e s p e c t i v e l y *
I n  E n g la n d  t h e  p r e s e n t  t r e n d  a p p e a r s  t o  be  
t o w a rd s  t h e  i n c r e a s i n g  u s e  o f  4  i n c h  c u b e s  a s  a  c r i t e r i o n  
o f  s t r e n g t h  b o t h  i n  c o l l e g e s  and o r g a n i s a t i o n s  s u c h  a s  t h e
B u i l d i n g  Pies e a r  c h  S t a t i o n  and  t h e  Cement and  C o n c r e t e
54- 57A s s o c i a t i o n ^  , ev en  th o u g h  t e s t s  show t h a t  t h e  s t a n d a r d
d e v i a t i o n  o f  c u b e s  i n c r e a s e s  w i t h  a  d e c r e a s e  i n  s i z e .
The a u t h o r  h a s  fo u n d  c u b e s  t o  g iv e  r e a s o n a b l y
c o n s i s t e n t  r e s u l t s ^ ,  w h e re a s  c y l i n d e r s ,  e v e n  when c a p p e d ,
g i v e  a  g r e a t e r  v a r i a t i o n  i n  s t r e n g t h ;  p r o b a b l y  d ue  t o  t h e
b e a r i n g  f a c e s  n o t  b e in g  p r e c i s e l y  p a r a l l e l  c a u s i n g
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p r e m a tu r e  c o l l a p s e  i n s t i g a t e d  by  l o c a l  f a i l u r e  and  4  i n c h  
c o n c r e t e  c u b e s  w ere  a d o p te d  a s  c o n t r o l s  t h r o u g h o u t  t h i s  woik.
F o r  p u r p o s e s  o f  c o r r e l a t i n g  r e s u l t s  w i t h  o t h e r  
t e s t  d a t a  a  r e l a t i o n s h i p  b e tw e e n  c y l i n d e r  s t r e n g t h  a n d  
cu be  s t r e n g t h  h a d  t o  be a ssu m e d . T h is  h a s  b e e n  commonly 
g i v e n  a s  f ^  ~ 0 . 8  f Q ^  t> ,c ,g  0 .8 2  w h i l e  E v a n s ^
u s e d  a  f a c t o r  o f  .7 9  t o  .9 9  i n c r e a s i n g  w i t h  s t r e n g t h
( f „  = 2000 t o  8000  l b / i n 2 ) .o
25The E u ro p e a n  C om m ittee  a t  Rone x a g r e e d  t h a t  
c y l i n d e r  ( o r  p r i s m )  s t r e n g t h  and cube s t r e n g t h  m ig h t  b e  
r e l a t e d  b y  t h e  e q u a t i o n :
= 0 . 7 6  + 0 *2  Log R K g /s q .c m .  . . . .  6 .1
c 200
w h ere  R * t h e  c r u s h i n g  s t r e n g t h  o f  cm. c u b e s  ( 9 • 9  i n c h e s )  
c a p p e d  w i t h  s u l p h u r  o r  c e m e n t .
57 54I t  i s  g e n e r a l l y  a g r e e d ^ 1 t h a t  t h e  a p p a r e n t
4  i n c h  cu b e  s t r e n g t h  i s  g r e a t e r  t h a n  t h e  6 i n c h  cube
71 75s t r e n g t h  and  b o t h  M urdock ' and  N e v i l l e ' ^  g i v e  t h i s
a p p a r e n t  i n c r e a s e  a s  4  p e r  c e n t .  A l lo w in g  f o r  t h i s  i n
e q u a t i o n  6 .1  t h e n ,  f o r  f_  * 6000 l b / i n ^ ,  f ^  = .8 0  f .C O v
A s s o c i a t i n g  a  f a c t o r  o f  .8 0  w i t h  t h e  f l e x u r a l
f a c t o r  o f  k-, = 0 . 8 9 .  d i s c u s s e d  i n  s e c t i o n  7*9» t h e  f l e x u r a l  o
11s t r e s s ,  f Q , becom es
f o 1 = *85 f c = *85 x  *8 f c = ,6 8  f c
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27w h ic h  may be co m pared  w i t h  v a l u e s  o f  ,7  u s e d  b y  E vans ,
. 6  b y  B a k e r ^ ,  . 6  t o  .6 5  by  Thomas^ and  . 6  by  A b e l e s ^ .
58B e n n e t t  and  O 'K e e f f e ^  showed b y  e x p e r im e n t  
t h a t  f ^  * , 7  f  , w here  f ^  was o b t a i n e d  f ro m  12 i n c h  l o n g ,
C v C
4- i n c h  s q u a r e  s p e c im e n s .  T h ese  c o r r e s p o n d e d  c l o s e l y  t o
t h e  a u t h o r ' s  t e s t s  on s h o r t  u n r e i n f o r c e d  c o n c r e t e  co lum ns
12 i n c h e s  l o n g  and  4- i n c h e s  x  y/z i n c h  s e c t i o n ,  ( s e r i e s  12 :
co lum ns 10 a n d  1D) w h ich  gave  t h i s  f a c t o r  a s  0 . 7  and  0 .6 6
r e s p e c t i v e l y .
A v a lu e  o f  f ^  * 0 .8 0  f  h a s  b e e n  a ssum ed  c c
t h r o u g h o u t  t h i s  w o rk .
6 . 5  S t r a i n  d i s t r i b u t i o n  i n  c o n c r e t e .  S u r f a c e  s t r a i n  
d i a g r a m s ,  o f  w h ic h  E ig  6 . 2  i s  t y p i c a l ,  Y/ere p l o t t e d  f o r  a l l  
s p e c im e n s  and  t h e s e  v e r i f i e d  B e r n o u l l i ' s  h y p o t h e s i s  o f  
l o a d i n g  s t r a i n  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  fro m  
t h e  n e u t r a l  a x i s .
The l i n e a r i t y  a ssu m p tio n  Y/as a l s o  found to  be 
v a l i d  p a s t  th e  c r i t i c a l  s t r a i n  8c r i g h t  up to  s t r a i n  a t  
u l t i m a t e  f a i l u r e .
S t r a i n s  i n d u c e d  b y  r e l e a s e  o f  p r e s t r e s s  w ere  a l s o  
n e a r l y  l i n e a r ,  s e e  B ig s  6 . 2  and  7* 6 .
E x p e c te d  d e v i a t i o n  f ro m  l i n e a r i t y ,  due  t o  
i n a c c u r a c i e s  i n  m easu rem en t  and  c r e e p  a t  l o a d s  n e a r  t h e  
u l t i m a t e  c o n d i t i o n s ,  was r e m a r k a b l y  s l i g h t  and  t h e  common 
a s s u m p t io n  o f  s t r a i n  p r o p o r t i o n a l  t o  d i s t a n c e  f ro m  t h e
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94-
n e u t r a l  a x i s  h a s  b e e n  made f o r  a l l  c o n d i t i o n s  o f  l o a d i n g  
and  p r e s t r e s s .
36E vans and  w i l l i a m s  showed s u r f a c e  s t r a i n s  f o r  
a  beam p r e s t r e s s e d  w i t h  a  d e fo rm e d  b a r  t a k e n  from  t h e  same 
r o l l i n g  a s  u s e d  i n  t h e s e  t e s t s ,  t o  be  i d e n t i c a l  w i t h  s t r a i n s  
a t  t h e  i n t e r f a c e  o f  t h e  s t e e l .  I n  t h e  a n a l y s i s  o f  t h e  t e s t  
r e s u l t s  s u r f a c e  s t r a i n s  have  t h e r e f o r e  b e e n  assum ed  c o i n ­
c i d e n t  w i t h  s t r a i n s  w i t h i n  t h e  s e c t i o n .
6«6 S t r a i n  i n  s t e e l .  The s t r a i n s  d e v e lo p e d  i n  t h e  c o n c r e t e  
a nd  a d j a c e n t  s t e e l  h a v e  b e e n  assum ed  e q u a l  t o  t h e  c o n c r e t e  
s t r a i n s  a t  t h e  s u r f a c e .
F o r  an  u n c r a c k e d  s e c t i o n  t h i s  i s  s e n s i b l y  t r u e  
b u t  when t h e  s e c t i o n  i s  c r a c k e d  t h i s  a s s u m p t io n  d o e s  n o t  
r e p r e s e n t  t h e  co m plex  c o n d i t i o n s  n e a r  t h e  c r a c k  a n d  f u r t h e r
j u s t i f i c a t i o n  i s  r e q u i r e d .
12A t a  Ci3ick E vans h a s  shown s t e e l  s t r a i n s  
m e a su re d  o v e r  a  one i n c h  gauge l e n g t h  t o  be c o n s i d e r a b l y  i n
e x c e s s  o f  t h o s e  m e a su re d  o v e r  an  e i g h t  i n c h  l e n g t h .
61 "B a te  d e r i v e d  a n  " e f f e c t i v e ” s t r e s s  s t r a i n  
d ia g r a m  f o r  t h e  s t e e l  f ro m  s im p le  t e n s i l e  t e s t s  a n d  s u p e r ­
im p o sed  a l l o w a n c e s  f o r  f a c t o r s  m o d i fy in g  t h i s  s t r e s s  s u c h  
a s  r e l a x a t i o n  o f  s t e e l ,  c r e e p  and  s h r i n k a g e  o f  t h e  c o n c r e t e  
a s  w e l l  a s  c r a c k i n g .
V i r t u a l  o r  a v e r a g e  s t r a i n s ,  m e a su re d  o v e r  t h e  
s u r f a c e  o f  t h e  c o n c r e t e ,  i n c l u d e  t h e  w i d t h  o f  t h e  c r a c k  
and  a  b e lo w  a v e r a g e  s t r a i n  i n  t h e  c o n c r e t e  a d j a c e n t  t o  t h e
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c r a c k  w here  l o c a l  s l i p  o f  t h e  s t e e l  o c c u r s ,  a s  shown by
36E vans an d  W il l ia m s ^  .
10B a k e r  r e l a t e d  t h e  s t e e l  s t r a i n  t o  t h e  a v e r a g e  
v i r t u a l  c o n c r e t e  s t r a i n ,  a t  t h e  s a n e  d e p t h ,  b y  t h e  
e x p r e s s i o n :
e s = e c 1 ~ n l  S'1 . . . .  6 . 2
n l
w h ere  e^  = s t r a i n  i n  t h e  c o n c r e t e  a t  t h e  t o p  o f  a  beam a t  c *
f a i l u r e ,  e^  = s t r a i n  a s s o c i a t e d  w i t h  t h e  y i e l d  s t r e s s  o f
t h e  s t e e l  i n  a  r e i n f o r c e d  c o n c r e t e  beam , n ^ d  * d e p t h  o f
n e u t r a l  a x i s  an d  e^  » E^ x  v i r t u a l  s t r a i n  i n  t h e  c o n c r e t e
a t  t h e  s t e e l  l e v e l ,  3?o r  p r e s t r e s s e d  beam s:
e "^ = r e s i d u a l  s t r a i n  i n  s t e e l  o r  u l t i m a t e  s t r a i n  m inus  s
1 1p r e s t r a i n  and  e g = E x  ch an g e  i n  c o n c r e t e  s t r a i n  f ro m
z e r o  l o a d  t o  f a i l u r e ,  a t  t h e  l e v e l  o f  t h e  s t e e l ,
11 1 B a k e r  a s s i g n e d  v a l u e s  f o r  E f ro m  0 . 7  t o  1 . 2
d e p e n d in g  u p o n  t h e  e f f i c i e n c y  o f  b o n d .
36E vans and  W i l l i a m s ^  h a v e  shown from  e x p e r i m e n t s
1on b e a m s ,  u s i n g  X - ra y  p h o t o g r a p h y ,  t h a t  t h e  f a c t o r  E c a n
v a r y  f ro m  a b o u t  0 . 5  t o  3*0 when e x tre m e  c o n d i t i o n s  o f  bond
62a r e  o b t a i n e d  a n d ,  c o n t r a r y  t o  t h e  f i n d i n g s  o f  P r e n t i s  ,
t h a t  t h e  v a l u e  f o r  E^ d o e s  n o t  i n c r e a s e  w i t h  t h e  am ount o f
p r e c o m p r e s s i o n ,
Eor a  d e fo rm e d  b a r  f ro m  t h e  same r o l l i n g  a s  u s e d
36b y  t h e  a u t h o r  E vans and W i l l i a m s  fo u n d  E^ = 1 .2  a t
96
100 p e r  c e n t  o f  t h e  u l t i m a t e  l o a d ,
The num erous c r a c k s  d e v e lo p e d  w i t h  a  p r i m a r y
t e n s i o n  f a i l u r e ,  F ig  6 . 5 ,  i n d i c a t e d  good b o n d in g  o f  t h e
p r e s t r e s s i n g  b a r ,  and  a  s i m i l a r  t e n s i o n  f a i l u r e  was
o b t a i n e d  w i t h  n o n - p r e s t r e s s e d  members w here  t h e  m i ld  s t e e l
r e i n f o r c e m e n t  e v i d e n t l y  was w e l l  b o n d e d  due t o  t h e  s m a l l
d i a m e t e r  r o d s  u s e d .
At t h e  i n i t i a l  f a i l u r e  c r i t e r i o n  c o n s i d e r e d ,
c r a c k i n g  r a r e l y  d e v e lo p e d  d e e p e r  i n t o  t h e  member t h a n  t h e
p r e s t r e s s i n g  s t e e l  and  t h e  d i f f e r e n c e  i n  f o r c e ,  a t  t h e  m i ld
s t e e l  r o d s  by  a s su m in g  s u r f a c e  c o n c r e t e  s t r a i n s  i d e n t i c a l
w i t h  s t e e l  s t r a i n ,  was s m a l l  a s  t h e  a r e a  o f  r o d s  was s m a l l .
Thus t h e  f a c t o r  F'*' i n  B a k e r ’ s e q u a t i o n ,  6 . 2 ,
was t a k e n  by  t h e  a u t h o r  t o  be  e q u a l  t o  u n i t y  f o r  b o t h  t h e
r e i n f o r c e m e n t  a n d  f o r  t h e  p r e s t r e s s i n g  b a r .
6 . 7  F o r c e s  i n  S t e e l .
( a )  M ild  S t e e l  R e in f o r c e m e n t :
A l i n e a r  s t r e s s - s t r a i n  c h a r a c t e r i s t i c ,  F i g  2 . 2 ,
was a ssu m e d , i n  b o t h  t e n s i o n  and  c o m p r e s s io n ,  w i t h  a
6 2m o dulus  o f  e l a s t i c i t y  o f  E = 30  x  10 l b / i n  , t o  g i v e  a  
s t e e l  f o r c e  e q u a l  t o  t h e  p r o d u c t  o f  t h e  s t r a i n  a t  t h e  l e v e l  
o f  t h e  s t e e l ,  t h e  m od u lus  a n d  t h e  s t e e l  a r e a .  T h is  s t r a i n  
was t h e  n u m e r i c a l  sum o f  t h e  r e l e a s e ,  c r e e p  a f t e r  r e l e a s e  
and  t h e  l o a d i n g  s t r a i n s .
97
( b )  P r e s t r e s s i n g  s t e e l :
The t o t a l  r e s i d u a l  f o r c e  i n  t h e  b a r  i s  Fr  * F -  
w here
P » i n i t i a l  p r e s t r e s s i n g  f o r c e
F ,»  l o s s e s  due t o  t o t a l  ch an g e  o f  s t r a i n  f ro m  
r e l e a s e  t o  f a i l u r e  c o n d i t i o n s .
F^ was o b t a i n e d  f ro m  F ig  2 . 4 . by  d ra w in g  l i n e  AB p a r a l l e l
t o  t h e  assu m ed  m o du lus  o f  t h e  s t r e s s - s t r a i n  c u rv e  f ro m
t h e  p o i n t  on t h e  c u rv e  r e p r e s e n t i n g  t h e  i n i t i a l  p r e s t r e s s .
The h o r i z o n t a l  com ponent o f  BC was e q u a l  t o  t h e
t o t a l  s t r a i n  c h an g e  and  t h e  v e r t i c a l  co m pon en t AC was F-p
on t h e  a p p r o p r i a t e  l o a d  s c a l e .  The m o du lu s  o f  e l a s t i c i t y
6 2was t a k e n  a s  25 x  10 l b / i n  f o r  a l l  c a l c u l a t i o n s ,
t h e r e  b e i n g  no y i e l d  p o i n t  o r  v e r y  g r e a t  c u r v a t u r e  o f  t h e
s t r e s s - s t r a i n  c h a r a c t e r i s t i c  up t o  t h e  u l t i m a t e  s t r e n g t h .
A t e s t  r e p o r t  f o r  M e s s r s .  M c C a lls  by  P r o f .  A.D.
B oss  showed t h a t  f o r  p l a i n  M a c a l lo y  b a r  c r e e p  e s s e n t i a l l y
c e a s e d  a f t e r  15 h o u r s  and  was t h e n  o n ly  0 .5 2  p e r  c e n t  o f
2t h e  i n i t i a l  s t r a i n  a t  a  s t r e s s  o f  40 t o n s / i n  •
6 . 8  S t r e s s  s t r a i n  r e l a t i o n s h i p  f o r  c o n c r e t e  u n d e r  s h o r t
8t e r m  l o a d i n g .  H o g n e s ta d ,  H anson a n d  McHenry Have shown 
tH a t  t h e  s t r e s s - s t r a i n  c u rv e  f o r  t h e  c o m p r e s s io n  f a c e  o f  
a  beam i s  e x a c t l y  i d e n t i c a l  w i t h  t h a t  o f  a  s t a n d a r d
c y l i n d e r  t e s t ,  t h e  fo rm  o f  w h ich  i s  commonly e x p r e s s e d  a s
13 4 .7
a  p a r a b o l i c  o r  e x p o n e n t i a l  ’ f u n c t i o n .
F o r  low  s t r e n g t h  c o n c r e t e  t h e  p e a k  o f  t h e  s t r e s s
s t r a i n  c u r v e  from  c y l i n d e r  t e s t s  i s  r e l a t i v e l y  f l a t  a n d
c o n s i d e r a b l e ,  s t r e n g t h  may e x i s t  a t  s t r a i n s  b e y o n d  t h e  p e a k
As t h e  c o n c r e t e  s t r e n g t h  i n c r e a s e s  t h e  p e a k  hecom es
s h a r p e r  a n d  t h e  downward s l o p i n g  p o r t i o n  o f  t h e  c u r v e ,
be y o n d  t h e  p e a k ,  becom es s t e e p e r ,  m ore d i f f i c u l t  t o
d e te r m i n e  ev en  e m p lo y in g  s p e c i a l  t e c h n i q u e s  r e q u i r e d  t o
9 9
a v o id  su d d e n  f a i l u r e  due t o  c h a r a c t e r i s t i c s  o f  t h e  t e s t i n g
m a c h in e ,  and  r e l a t i v e l y  l e s s  i m p o r t a n t  i n  a n a l y s i s ,
9
Cowan*^ s u g g e s t s  t h e  d e s c e n d i n g  p o r t i o n  o f  t h e  
c u rv e  may he due t o  i r r e v e r s i b l e  m ic r o c r a c k  f o r m a t i o n  
w h ic h  i s  c o n s i s t e n t  w i t h  a  s h a r p e r  p e a k  w i t h  i n c r e a s i n g
c o n c r e t e  s t r e n g t h  b e c a u s e  o f  t h e  l e s s  p l a s t i c  m a t r ix *
5  5^ 1 4 7A n a ly s is  by H o g n e s ta d  , S m ith  and Young-' , B a te  '
and  o t h e r s  u s e d  p a r t  o f  t h e  c u rv e  p a s t  t h e  p e a k  t o g e t h e r
w i t h  a  s t r a i n  g r e a t e r  t h a n  t h e  c r i t i c a l  p e a k  s t r a i n .
A t t h e  M a d r id ,  Rome and  V ie n n a  m e e t in g s  o f  t h e
25 26E u ro p e a n  C om m ittee  f o r  C o n c r e t e ,  r e p o r t e d  by  B a k er  ,
i t  was a g r e e d  t h a t  r e g a r d l e s s  o f  t h e  p o s i t i o n  o f  t h e
n e u t r a l  a x i s ,  t h e  c o m p re s s iv e  s t r e s s  f o r  beam s s h o u ld
f o l l o w  a p a r a b o l i c  d i s t r i b u t i o n  b e tw e e n  t h e  n e u t r a l  a x i s
11and  t h e  e x tre m e  f i b r e s  w i t h  a  p e a k  f l e x u r a l  s t r e s s  f  
e q u a l  t o  t h e  c y l i n d e r  s t r e n g t h  f ^  . A l th o u g h  t h e  f u l l  
c y l i n d e r  s t r e n g t h  may be  d e v e lo p e d  f o r  members f a i l i n g  by  
f l e x u r e ,  i t  i s  n o t  u s u a l l y  a c h i e v e d  u n d e r  d i r e c t  l o a d i n g  
and  t h e  g e n e r a l l y  a c c e p t e d  p e a k  v a lu e  o f  *85 f .  i s  u s e d  by  
t h e  a u t h o r ,  i n  a n a l y s i s  o f  b o t h  co lum ns a n d  b eam s. 
C o n f i r m a t i o n  o f  t h i s  v a l u e  i s  g i v e n  i n  s e c t i o n  7*3*
. I d e a l i s e d  e l a s t i c - p l a s t i c  a p p r o x i m a t i o n s  s u c h
9
a s  t h e  t r a p i z o i d a l  s t r e s s  b l o c k  p r o p o s e d  by  Cowan ,
6l o l l e r f i e l d  and  many o t h e r s ,  o r  t h e  m a t h e m a t i c a l l y  
s i m i l a r  sh a p e  s u c h  a s  t h e  r e c t a n g u l a r  s t r e s s  b l o c k
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7p i o n e e r e d  by  v /h i tn e y  , w ere  c o n s i d e r e d  n o t  t o  be b e t t e r *  
( t h o u g h  some gave  c l o s e l y  s i m i l a r  r e s u l t s )  t h a n  R i t t e r ' s ^  
se c o n d  d e g r e e  p a r a b o l a ,  w h ich  i n  a n a l y s i s  o f  t e s t  r e s u l t s ,  
p r o v i d e d  r e a s o n a b l e  a g r e e m e n t ,  b o t h  f o r  t o t a l  c o m p r e s s iv e  
f o r c e  C and t h e  c e n t r o i d  p o s i t i o n  o f  t h i s  f o r c e ,  F i g  7*4-* 
R i t t e r ' s  p a r a b o l i c  s t r e s s - s t r a i n  r e l a t i o n s h i p  
was d e f i n e d  b y  two o f  t h e  f o l l o w i n g
1 .  The p e a k  v a l u e  f o r  c o n c r e t e  s t r e s s  i n  f l e x u r e  f ^  .
V
2* The c r i t i c a l  s t r a i n  a t  p e a k  s t r e s s  8 c •
3 . The i n i t i a l  t a n g e n t  m odu lus  f o r  c o n c r e t e  Eq s i n c e
o -p11E0 = 2 c . . . .  6 . 3
F o r  th e  a u t h o r ' s  t e s t s  Eq was o b t a i n e d  f ro m  t h e
mean e f f e c t i v e  i n i t i a l  m odu lus  f o r  t h e  r e i n f o r c e d  s e c t i o n
E * 3*0 x  10 l b / i n  , o b t a i n e d  f ro m  c e n t r a l l y  l o a d e d  p i n
en d ed  co lum n t e s t s  ( S e r i e s  1 2 ,3 0 ,7 5  and  100) F i g  6 .3 *  and
by  a p p l y i n g  t h e  e x p r e s s i o n  g i v e n  i n  t h e  B u i l d i n g  R e s e a r c h  
63P a p e r  No. 20 , w h ic h ,  n e g l e c t i n g  t r a n s v e r s e  r e i n f o r c e m e n t ,
w a s : -
E = Eo + (E s + Eq ) P1 . . . .  6 . 4
w here  P^ was t h e  r a t i o  o f  a r e a  o f  l o n g i t u d i n a l  r e i n f o r c e m e n t  
and  Eg was t h e  m od u lus  o f  e l a s t i c i t y  f o r  m i l d  s t e e l  t a k e n  
a s  30  x  10^  l b / i n ^  .
C E N T R A L L Y  LOADED . C E N T R A L L Y  P R E S T R E S S E D  
L O A D / M I D - H E I G H T  S T R A I N  C H A R A C T E R I S T I C .3 0 i
25-
face  B
2 0 -
APPLIED 
LOAD:
d * 15-P tons
Initial  prestress:  F = 0-0 tons  
Initial e f f e c t i v e  c •> 
modulus  E = 5*1 xIQ lb / in^
F= 0*0
o—
151
2 0 -
-O
15-
100 120 140  160 180 200 220 2 4 0
o—
10 -
T=9-5t  
E* 5-11 10
T = 0 >0 t  
E=5-1x10 100
100 120 140 160 180 200 220 2 4 0
STRAINS AT MID HEIGHT x
F I G .  6 . 3
102
The v a l u e  o f  f ro m  e q u a t i o n  6 . 4  was 
6 24-. 5 x  10 l b / i n  , w h ic h  c o r r e s p o n d e d  e x a c t l y  w i t h  t h e  
v a l u e  f ro m  e q u a t i o n  6 .3  b y  s u b s t i t u t i o n  o f  t h e  a ssu m ed  
v a l u e s  o f  f ^ 1 * .8 5  fSt = 6 . 8  f  . w i t h  f  « 6000 l b / i n ^ ,v C 0 . 0
a n d  8„ * 180 x  1 0 ~ ^ . c
6 . 9  T ypes o f  f a i l u r e .  T'wo m ain  t y p e s  o f  b e n d in g  f a i l u r e  
o c c u r  w i t h  r e i n f o r c e d  and  p r e s t r e s s e d  c o n c r e t e  co lu m n s  an d  
b eam s. T h ese  a r e  a s  f o l l o w s
1 .  F a i l u r e  by  p r im a r y  c o m p r e s s io n  w h e re  t h e  c o l l a p s e  
i s  i n s t i g a t e d  b y  a  b reak d o w n  o f  t h e  c o n c r e t e  m a t r i x  
a s  shown by  F i g s  6 . 4 ( 1 )  and  6 .4 ( 3 ) *
2 .  P r im a r y  t e n s i o n  f a i l u r e  a s  shown by  F ig  6 .5 *
W ith  p r im a r y  c o m p r e s s iv e  f a i l u r e s  any  c r a c k i n g  a t
t h e  t e n s i o n  f a c e  i s  o f  s e c o n d a r y  n a t u r e ,  o c c u r r i n g  a f t e r  
p a r t  c o m p r e s s iv e  f a i l u r e  o f  t h e  c o n c r e t e  m a t r i x  h a d  t a k e n  
p l a c e ,  and  i s  g e n e r a l l y  l o c a l i s e d  t o  t h e  f a i l u r e  z o n e .
W ith  c a s e  2 t h e  u l t i m a t e  c o n c r e t e  t e n s i l e  s t r a i n  
i s  e x c e e d e d  and  c r a c k i n g  o c c u r s  a t  t h e  t e n s i o n  f a c e .  As 
t h e  c r a c k s  d e e p e n ,  t h e  n e u t r a l  a x i s  r i s e s ,  w i t h  c o n s e q u e n t  
r e d u c t i o n  o f  t h e  a r e a  i n  c o m p r e s s io n ,  and  s e c o n d a r y  
c o m p r e s s iv e  f a i l u r e  o f  t h e  c o n c r e t e  e n s u e s .
T e n s io n  f a i l u r e s ,  w i t h  w e l l  b o n d e d  b a r s ,  e x h i b i t  
num erous c r a c k s  e x t e n d i n g  d e e p  i n t o  t h e  s e c t i o n  and  d i s t r i ­
b u t e d  o v e r  much o f  t h e  co lum n l e n g t h ,  a s  shown by  F ig  6 . 5 .
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T Y P I C A L  P R I M A R Y  C O M P R E S S I O N  AND S H E A R  F A I L U R E S  IN C O L U M N S
'* '
1. Typical primary compress ion failure  
for  long pin ended co lu mn s .
Local i sed c ra c k s  formed a t  the  
tension f a c e  c l o s e  to t h e  failure zone .  
Mild s t e e l  r e i n fo r c e m e n t  buckled  
b e t w e e n  l inks.
2.Test by Recchio on a flat ended column.  
Diagonal tension cracks  fo rm e d  at 
fa i lure  with buckl ing  of  prestress ing  
bars  b e t w e e n  l inks .
3. Typical  primary compress ion fa i lure  
for s h o r t  pin e n d e d  columns.
A* Typical sh e a r  fa i lure  for short  
f l a t  e n d e d  c o l u m n s .
F I G . 6 . 4
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F o r  c o n c r e t e  co lum ns r e i n f o r c e d ,  w i t h  m i ld  s t e e l ,  
t e n s i o n  f a i l u r e  i s  s a t i s f a c t o r i l y  d e f i n e d  b y  t h e  s t r a i n  a t  
t h e  r e i n f o r c e m e n t  l e v e l  b e in g  g r e a t e r  t h a n  t h e  s t e e l  y i e l d  
p o i n t  s t r a i n .  A lso  f o r  r e i n f o r c e d  c o n c r e t e  members t h e  
f a i l u r e  w here  t h e  y i e l d  p o i n t  s t r a i n  and  t h e  maximum 
c o m p r e s s iv e  s t r a i n  o f  t h e  c o n c r e t e  a r e  r e a c h e d  s i m u l t a n ­
e o u s l y  i s  commonly d e f i n e d  a s  a  " b a l a n c e d ” c o n d i t i o n .
T h is  b a l a n c e d  f a i l u r e  p o i n t  on t h e  load -m o m en t c h a r a c t e r  
- i s t i e  g i v e s  t h e  a p p l i c a t i o n  l i m i t  f o r  p r im a r y  c o m p r e s s iv e  
f a i l u r e  and  t h i s  c o n d i t i o n  h a s  a l s o  b e e n  u s e d  by  H o g n e s ta d  , 
and  o t h e r s ,  t o  d e f i n e  t h e  v a l u e  o f  t h e  p u r e  u l t i m a t e  moment, 
M , f o r  u s e  i n  t h e  p r e p a r a t i o n  o f  n o n - d i m e n s i o n a l  i n t e r ­
a c t i o n  d i a g r a m s ,  d i s c u s s e d  i n  C h a p te r  1 0 .5 *
The t y p e  o f  f a i l u r e  w h ic h  o c c u r s  i n  p r e s t r e s s e d  
m em bers , u n d e r  r a p i d  l o a d i n g  t e s t s ,  d e p e n d s  u p o n  t h e  t o t a l  
s t r a i n  d i s t r i b u t i o n  w h ic h  c o n s i s t s  o f  t h e  sum m atio n  o f  t h e  
i n i t i a l  s t r a i n  p a t t e r n ,  due  t o  t h e  r e l e a s e  o f  p r e s t r e s s ,  
and  t h e  l o a d i n g  s t r a i n .
I n  t h e s e  t e s t s  a l l  f a i l u r e s  w i t h  p i n - e n d e d  
co lum n s show ed s p a l l i n g  o f  t h e  c o n c r e t e  c o v e r  w i t h  
b u c k l i n g  o f  t h e  m i ld  s t e e l  r e i n f o r c e d  b e tw e e n  l i n k s  
a s  F ig  6 , 4 ( 1 ) .
R e c c h io ^  showed t h a t  when p r e s t r e s s i n g  b a r s  a r e  
u s e d  i n  p l a c e  o f  m i l d  s t e e l  s i m i l a r  b u c k l i n g  o f  t h e  b a r s  
t a k e s  p l a c e  b e tw e e n  s t i r r u p s ,  F ig  6 , 4 ( 2 ) .  H ow ever,
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■buckling o f  t e n s i o n e d  b a r s  c a n  o n ly  o c c u r  a f t e r  t h e  t o t a l  
b a r  s t r a i n  becom es c o m p r e s s i v e .  I t  w i l l  be  s e e n  f ro m  
T a b le  A 2 .2 ,  A p p e n d ix  2 ,  t h a t  o n l y  a b o u t  40  p e r  c e n t  o f  
t h e  i n i t i a l  b a r  t e n s i o n  was l o s t  a t  t h e  i n s t i g a t i o n  o f  
f a i l u r e ,  t h u s  t h e  b u c k l i n g  o f  t h e  t e n d o n s ,  shown i n  F ig  
6 , 4 ( 2 ) ,  p r o b a b l y  o c c u r r e d  a f t e r  l o c a l  c o l l a p s e ,  b y  
c o n s i d e r a b l e  s h o r t e n i n g  o f  t h e  sp e c im e n  i n  t h e  zone  o f  
f r a c t u r e .  A ls o  t h e  co lum n t e s t e d  by  R e c c h io  h ad  f l a t  en d s  
and  showed d i a g o n a l  c r a c k i n g  a t  f a i l u r e ,  F i g  6 . 4 ( 2 ) ,  w h ic h  
i s  a  common t h i r d  t y p e  o f  f a i l u r e ,  n o r m a l ly  a s s o c i a t e d  o n l y  
w i t h  c u b e s  o r  s h o r t  co lum ns t e s t e d  w i t h  f l a t  e n d s ,  w here  
l a t e r a l  d e f l e c t i o n  and  h e n c e  b e n d in g  f a i l u r e  i s  r e s t r i c t e d .  
A s i m i l a r  s h e a r  f a i l u r e  was o b t a i n e d  w i t h  th e  f o u r  s h o r t  
f l a t  e n d e d  co lum ns t e s t e d  by  t h e  a u t h o r ,  s e e  F i g  6 . 4 ( 4 ) .
W ith  f l a t  e n d e d  co lum ns s l i g h t  i m p e r f e c t i o n s  o f  
t h e  l o a d i n g  s u r f a c e s  may i n s t i g a t e  s h e a r  f a i l u r e  a t  t h e  
e n d s ,  s i m i l a r  t o  F ig  5 * 6 ( 2 ) ,  o r  t h e  f o r m a t i o n  o f  l o n g i ­
t u d i n a l  c r a c k s ,  a r i s i n g  fro m  l o c a l  s t r e s s  c o n c e n t r a t i o n s  
a t  t h e  e n d s .  T h is  may r e s u l t  i n  t h e  c o l l a p s e  o f  a  f l a t  
e n d ed  sp e c im e n  b e f o r e  t h e  f u l l  s e c t i o n  s t r e n g t h  c a n  b e  
r e a l i s e d .
F o r  a l l  p i n  en d ed  co lu m ns t e s t e d  a  n e a r  m id ­
h e i g h t  f a i l u r e  w i t h  some l a t e r a l  movement was o b t a i n e d ,  
e v e n  f o r  t h e  s h o r t e s t  a x i a l l y  loaded s p e c im e n s .
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C e n t r a l l y  p r e s t r e s s e d  a x i a l l y  l o a d e d  co lum ns 
g e n e r a l l y  e x h i b i t e d  t h e  g r e a t e r  c o m p r e s s iv e  s t r a i n  a t  t h e  
f a c e  o r i g i n a l l y  u p p e rm o s t  i n  t h e  m o u ld ,  t h a t  i s  f a c e  A,
P i g  4 .3 *  S in c e  f o r  c e n t r a l l y  p r e s t r e s s e d  co lum ns t h e r e  
was no i n i t i a l  c u r v a t u r e  p r i o r  t o  l o a d i n g ,  i t  was e v i d e n t  
t h a t  e i t h e r  a  s l i g h t  s t r e n g t h  d i f f e r e n t i a l  d i d  e x i s t  a c r o s s  
t h e  s e c t i o n  a n d / o r  t h a t  t h e r e  was an  e f f e c t  f ro m  f a c e  A 
b e in g  l e s s  sm oo th  t h a n  t h e  o t h e r  f a c e s  o f  t h e  c o lu m n . 
H ow ever, a l t h o u g h  n o t i c e a b l e ,  f o r  l o a d s  o f  l e s s  t h a n  75 t o  
80  p e r  c e n t  o f  t h e  u l t i m a t e  t h i s  t e n d e n c y  was n o t  g r e a t l y  
m a rk e d , a s  s h o r n  b y  th e  c l o s e  s i m i l a r i t y  o f  t h e  l o a d - s t r a i n  
c h a r a c t e r i s t i c ,  f o r  o p p o s i t e  f a c e s  o f  th e  c o lu m n s ,  P i g  6 .3 *  
P i g  6 . 6  shows t y p i c a l  c r a c k  p a t t e r n s  f o r  t h e  
s e r i e s  o f  c e n tra O y  p r e s t r e s s e d  b e a n s .  Beam B1, P ig  6 . 6 ( a ) ,  
f a i l e d  i n  p r im a r y  t e n s i o n  i n  b e n d in g  w i t h  a  s m a l l  n e u t r a l  
a x i s  d e p t h  and  t h e  l o a d  was rem oved  b e f o r e  t h e  s e c o n d a r y  
c o m p r e s s io n  was f a r  a d v a n c e d .  Beam B7 h a d  t h e  h i g h e s t  
i n i t i a l  p r e s t r e s s  and  p r i m a r y  c o m p r e s s io n  f a i l u r e  i n  
b e n d in g  r e s u l t e d  w i t h  s e v e r e  l o n g i t u d i n a l  c r a c k i n g  o f  t h e  
c o m p r e s s io n  f a c e ,  t o  a b o u t  one t h i r d  o f  t h e  s e c t i o n  d e p t h ,  
b e f o r e  t h e  t e n s i o n  c r a c k s  w ere  v i s i b l e .
C.  B e a m  B5.  F= 9 5 t o n s .
F I G . 6 . 6
T E S T S  ON P R E S T R E S S E D  B E A M S
3 .  Be a m  B l .  Ini t ial  c e n t r a l  prest ress  F = 0 0 t  
P r i m a r y  t en s i on  f a i l u r e  in bending 
w i t h  s m a l l  n e u t r a l  ax i s  d e p t h .  
L o a d i n g  w a s  r e l i e v e d  b e f o r e  
s e c o n d a r y  c o m p r e s s i o n  d e v e l o p e d .
d. B e a m  B7.  F= 13-5 t o n s .
P r i m a r y  c o m p r e s s i o n  f a i l u r e  of  a 
p r e s t r e s s e d  c o n c r e t e  b e a m  in be nd i n g .  
N e u t r a l  ax i s  d e p t h  a p p r o x i m a t e l y  at  
ha l f  t h e  s e c T i o n  d e p t h  a t  c e l l a p s e .  
T e n s i on  c r a c k  a p p e a r e d  a f t e r  t he  
c o m p r e s s i o n  f a i l u r e  w a s  f a r  a d va n c e d .
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CHAPTER 7
ANALYSIS OP TEST RESULTS
7 .1  E q u a t io n s  f o r  a n a l y s i s  o f  t e s t  r e s u l t s .  R e s u l t s  
s u b s t i t u t e d  i n  e q u a t i o n s  o b t a i n e d  by  t a k i n g  moments o f  
f o r c e s  a b o u t  t b e  l i n e  o f  a c t i o n  o f  t h e  l o a d ,  a s  c o n s i d e r e d
t o  b e  i l l - c o n d i t i o n e d  p a r t l y  due t o  t h e  c o n c r e t e  i n  t e n s i o n  
b e in g  i g n o r e d  and  a l s o  t o  m a g n i f i c a t i o n  o f  an y  s m a l l  e r r o r  
i n  t h e  t e n s i o n  s t e e l  f o r c e .
T h ese  e f f e c t s  w ere  r e d u c e d  o r  e l i m i n a t e d  by  
c o n s i d e r i n g  moments a b o u t  t h e  t e n s i l e  s t e e l .
Prom t h e  d i a g r a m ,  F ig  7*1* und n e g l e c t i n g  t h e  
a f f e c t  o f  c o n c r e t e  d i s p l a c e d  by  s t e e l ,  t h e  f o r c e  e q u a t i o n  
a nd  moment e q u a t i o n  a b o u t  t h e  t e n s i l e  s t e e l  ( o r  t h a t  i n  
l e a s t  c o m p r e s s io n )  a r e  e x p r e s s e d  b y  t h e  g e n e r a l  e q u a t i o n s
m id h e i g h t ,  u n d e r  e x t e r n a l  l o a d i n g  P^  , i n c l u d i n g  
d e f l e c t i o n  due t o  a l l  c a u s e s .
F * i n i t i a l  p r e s t r e s s i n g  f o r c e .
F^~ l o s s  o f  p r e s t r e s s i n g  f o r c e  a t  P •
/i i\
t h e o r e t i c a l l y  by  Lee , and  a b o u t  t h e  n e u t r a l  a x i s ,  p r o v e d
• • • • 7 .1
I * . ! , ! '  + F
•  •  •  • 7*2
w h ere  e^  = t o t a l  d i s t a n c e  f ro m  l o a d  l i n e  t o  t e n s i o n  s t e e l  a t
F L E X U R A L  A N A L Y S I S  O F  A R E C T A N G U L A R  S E C T I O N
MI D H E I G H T  C O N D I T I O N S  AT U L T I M A T E  L O A D  
C A S E  a  C A S E  b
s t r e s s
d i s t r i b u t i o n
v . :
n e u t r a l
axis
neutra l
ax is
s t r a i n
d i s t r i b u t i o n
p l a n
F I G .  7 . 1
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M-g « e x t e r n a l l y  a p p l i e d  moment a t  t h e  end  a b o u t  
t h e  t e n s i o n  s t e e l .
(
M *> e x t e r n a l l y  a p p l i e d  moment a t  t h e  c e n t r e  c
a b o u t  t h e  t e n s i o n  s t e e l .
F
R
h e n c e  t h e  r e s i d u a l  p r e s t r e s s  F =  -  F^ an d  - ^ ^ 8 ^  * F-^
( F i g  2 . 4 )  a n d : -
f  * E 8 f o r  -  8 <C 8 <£* 8 o r f  = -  f  f o r  8 ^  ^y^s s s y  s ^  y  s y  s
f s  = Es 8 s f o r  -  8 s ‘C § y  o r  f s  -  1 f y  f o r  8 s j T  cy l
^ y j
s i n c e  c o m p r e s s iv e  f o r c e s  a r e  t a k e n  a s  p o s i t i v e  f  becom es 
-  ve  f o r  c < d .
The s t r a i n  v a l u e s  u s e d  t o  o b t a i n  t h e  f o r c e s  i n  
b o t h  r e i n f o r c e m e n t  and  p r e s t r e s s i n g  b a r  w ere  m e a su re d  f ro m  
s t r a i n  d ia g r a m s  a s  t y p i f i e d  by  F ig  6 . 2  u s i n g  t h e  o r d i n a t e s  
r e p r e s e n t i n g  t o t a l  s t r a i n ,  i n c l u d i n g  c r e e p  a n d  s h r i n k a g e .  
T h a t  i s : -
cT e n s io n  s t e e l  f o r c e ,  A „f  = A E c’ s s  s  s s  •}
1 1  1 cC o m p re s s io n  s t e e l  f o r c e ,  A f  = A B es s s s s
C re e p  s t r a i n s ,  due to  r e l e a s e ,  and s h r i n k a g e ,  
a l t h o u g h  s l i g h t l y  a f f e c t i n g  t h e  s t e e l  f o r c e s ,  w ere  a ssum ed  
n o t  t o  a f f e c t  s i g n i f i c a n t l y  t h e  n e u t r a l  a x i s  and  w ere  
i g n o r e d  i n  o b t a i n i n g  t h e  n e u t r a l  a x i s  d e p t h  c ,  F i g  7 * 2 .
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F o r  co lum ns w i t h o u t  end  r e s t r a i n t  a n d  s im p ly  
s u p p o r t e d  beam s t h e  e n d  moment M * 0 .  The moment a t  t h e
V
c e n t r e  M was z e ro  f o r  c o l im n s  and  e q u a l  t o  t h e  maximum 
a p p l i e d  moment f o r  b eam s,
7*2 C u r v a tu r e  -  d e p th  o f  n e u t r a l  a x i s  r e l a t i o n s h i p .  F o r  a  
l i n e a r  s t r a i n  d i s t r i b u t i o n  t h e  c r i t i c a l  c u r v a t u r e , O C ,
c ci s  r e l a t e d  t o  t h e  c r i t i c a l  s t r a i n s ,  c and  c, , t o  t h e’ c t  1
n e u t r a l  a x i s  d e p th  c  an d  t o  t h e  s e c t i o n  d e p th  t ,  i n  t h e  
f o l l o w i n g  w a y ; -
8 8 - 8 .C C  *  C a  C  t
c ' t  7*3
A l l  e x p e r i m e n t a l  r e s u l t s  f o r  e x p a n d  c a r e  p l o t t e d  
on F ig  7*2 and  a r e  i n  c l o s e  a g re e m e n t  w i t h  t h e  c u rv e  g iv e n  
by  e q u a t i o n  7*3 w i t h  c = 180 x  10~ ^ .
V
From e x p e r im e n t s  on beam s w i t h  " b a l a n c e d "
7
r e i n f o r c e m e n t  Yifoitney e s t a b l i s h e d  an a v e r a g e  v a l u e  f o r  t h e
1 2u l t i m a t e  moment o f  M * *53 an d  a  c o r r e s p o n d i n gu  c
r e l a t i o n s h i p  b e tw e e n  t h e  d e p th  o f  e q u i v a l e n t  r e c t a n g u l a r
s t r e s s  b l o c k  and  t h e  d e p t h  o f  s t e e l ,  F i g  7»3* o f  a^= *537d.
A l th o u g h  t h e  n e u t r a l  a x i s  d e p t h  i s  n o t  g i v e n  by  W h i tn e y 1s
a n a l y s i s  a n  a p p r o x im a te  lo w e r  l i m i t  may be d e r i v e d  by
e q u a t i n g  t h e  c o n c r e t e  c o m p r e s s iv e  f o r c e  f o r  W h i t n e y 's
e q u i v a l e n t  r e c t a n g u l a r  s t r e s s  b l o c k  t o  t h e  p a r a b o l i c  b l o c k
u s e d  by  t h e  a u t h o r .  T h i s  g i v e s  c * 3a-, , a n d  f o r  t h e
2 1
C U R V A T U R E - N E U T R A L  A X I S  D E P T H  R E L A T I O N S H I P
130
L o w er  l im i t in g  v a lu e  for j  
fo r  b e a m s  ,as d e r i v e d  from  
Whitney's?
120-
I i t ' s7 average  l im i t .  
^ ( s e e  chapter 7.2 ) •  pin e n de d  c o l u m n s  
o  beams
90-
o c
CURVATURE 
O C x 1 0 ‘ 5 , Author's l i m i t  I f o r ’ balanced* | 
fa i lure .
NEUTRAL AXIS DEPTH: c i n c h e s
0*5
F I G .  7 . 2
1-14-
s e c t i o n  u s e d  by  t h e  a u t h o r  t h e  l i m i t i n g  v a l u e  f o r
c -  1*5 *  *557 ( 3 . 5  -  >5) = .6 8  
t  3.5
F o r  t h e  a u t h o r ’ s a n a l y s i s  t h e  n e u t r a l  a x i s
p o s i t i o n  f o r  ’b a la n c e d .” f a i l u r e  may be o b t a i n e d , b y  s im p le
p r o p o r t i o n ,  f ro m  t h e  s t r a i n  d i a g r a m ,  F ig  7 . 1 ,  C ase  b ,  by
p l a c i n g  c * v  t o  g iv e  a  lo w e r  l i m i t i n g  v a l u e  o f  £  = .5 1  
3 ^  *
The o p en  c i r c l e s ,  on F ig  7 * 2 ,  a t  low  v a l u e s  o f  c ,
w ere  e x p e r i m e n t a l  r e s u l t s  f ro m  beam t e s t s  and  t h e  d e r i v e d
W h itn ey  l i m i t i n g  v a l u e  r e a s o n a b l y  a p p r o x im a te d  t o  t h e s e ,
th o u g h  t h e  a u t h o r ' s  " b a l a n c e d ” c o n d i t i o n  g av e  b e t t e r
a g re e m e n t .  T hese  l i m i t s  i l l u s t r a t e  how a n  a ssum ed  f i x e d
n e u t r a l  a x i s  d e p th  a t  f a i l u r e  c a n  be  s a t i s f a c t o r y  f o r
e s t i m a t i n g  t h e  u l t i m a t e  s t r e n g t h  o f  u n d e r - r e i n f o r c e d
members s u b j e c t  t o  p u re  b e n d in g .
7 . 5  S t r e s s  b l o c k .  S t r e s s  b l o c k s  u s e d  s i n c e  t h e  e a r l i e s t
d a y s  o f  d e v e lo p m e n t  o f  r e i n f o r c e d  c o n c r e t e  t h e o r i e s  up  t o
51951 w ere  c o m p r e h e n s iv e ly  sum m arized  b y  H o g n e s ta d  •
R e c t a n g u l a r ,  t r a p e z o i d a l ,  p a r a b o l i c ,  h y p e r b o l i c ,  
e l l i p t i c a l  s t r e s s  b l o c k s  a n d  c o m b in a t io n s  o f  t h e s e  h a v e  b e e n  
u s e d  t o  r e l a t e  e x p e r i m e n t a l  and  t h e o r e t i c a l  r e s u l t s .
O
R e s e a r c h  by  H o g n e s ta d ,  H anson  & McHenry 
p u b l i s h e d  i n  1955 c o n f i r m e d  t h a t  t h e  p a r a b o l i c  b l o c k  was 
c l o s e  t o  t h e  a c t u a l  r e l a t i o n s h i p  up t o  t h e  p e a k  s t r e s s .
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S T R E S S  B L O C K S  U S E O  F OR I N E L A S T I C  F L E X U R A L  T H E O R I E S
d
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S'S
RECTANGULAR 
S u ens on  19)2 
W hitn ey7 1937
a j f i i I  '■1 * et cr .
I
V ,
k
c F 2'
TRAPEZOIDAL 
E m p e r g e r  1936 
J e n s o n  1943 
ToUerf ie ld  & Cowan 1955 6
C= k c b f
PARABOLIC & STRAIGHT EXPONENTIAL
Baumann 1934 Smith  & Y o u n g ^ * ^ 9 5 5
Hognestad^ 1951 Bate**? 1958
T h o m a s 1'* 1955
2 nd. OEGREE PARABOLA
0
CUBIC PARABOLA
Mensch I9J4 2 6 Russian s p e c i f i c a t i o n  1938
European Committee 1958,1959 ELLIPSE
Kempton Dyson 1922
f'= k ^ w i t h  k3= -8 5  e x c e p t  HYPERBOLA
w h e r e  o therwise  n o t e d  S c h r e y e r  1933
F I G . 7 . 3
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O th e r  common m a t h e m a t i c a l l y  s im p le  e x p r e s s i o n s ,  s u c h  a s
51 64-t h e  e x p o n e n t i a l  f u n c t i o n ^  * p ro d u c e  s i m i l a r  r e s u l t s  and
t h e  W h itn ey  t y p e  e q u i v a l e n t  r e c t a n g u l a r  "block i s  s t r o n g l y
s u p p o r t e d ,  due t o  t h e  s i m p l i f i e d  e q u a t i o n s  w h ich  r e s u l t
f ro m  i t s  a d o p t i o n .  The W h itn ey  b l o c k  does n o t ,  h o w e v e r ,
g i v e  t h e  n e u t r a l  a x i s  p o s i t i o n ,
21 22Codes o f  P r a c t i c e  ’ s u g g e s t  "A r e c t a n g u l a r ,  
p a r a b o l i c ,  o r  o t h e r  sh a p e  a s  shown by  t e s t s  t o  be  r e a s o n ­
a b l e . ”
The p r e c i s e  fo rm  o f  t h e  s t r e s s  b l o c k ,  h o w e v e r ,  
i s  n o t  o f  i t s e l f  i m p o r t a n t  s i n c e  t h e  m a g n i tu d e  and  l o c a t i o n  
o f  t h e  r e s u l t a n t  i n t e r n a l  c o m p r e s s iv e  f o r c e ,  i n  t h e  
c o n c r e t e ,  c an  b e  d e f i n e d  by  t h r e e  p a r a m e t e r s  
w h ic h  a r e  d e f i n e d  a s  f o l l o w s
k^ = r a t i o  o f  a v e r a g e  t o  maximum c o m p r e s s iv e  
c o n c r e t e  s t r e s s  a t  u l t i m a t e  l o a d ,  
k 2 * r a t i o  o f  d e p t h  o f  s t r e s s  b l o c k  c e n t r o i d ,  f ro m  
t h e  e x tre m e  c o m p r e s s iv e  f i b r e s ,  t o  t h e  d e p t h  
o f  t h e  b l o c k .
k^  * r a t i o  o f  maximum f l e x u r a l  c o n c r e t e  s t r e n g t h  f ^
1 11 1 t o  c y l i n d e r  s t r e n g t h  f Q , t h u s  f Q =
T h ese  t h r e e  p a r a m e t e r s  c a n  be  s im p ly  r e l a t e d  t o
r  64-a s i n g l e  p a r a m e t e r  u s i n g  a n  e x p o n e n t i a l  f u n c t i o n  b u t
i n d i v i d u a l  v a r i a t i o n  o f  e a c h  p a r a m e t e r  i s  t h e r e b y  o b s c u r e d .
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B o th  f o r  t h e  n e u t r a l  a x i s  w i t h i n  a n d  o u t s i d e
t h e  s e c t i o n  a n a l y s i s  o f  r e s u l t s  show ed e x c e l l e n t  a g re e m e n t
5
com pared  w i t h  t h e  assum ed  R i t t e r  t y p e  p a r a b o l a  e x p r e s s e d  
c o n v e n i e n t l y  i n  t h e  fo rm  u s e d  b y  Lee
f  = hS -  bS . . . .  7 . 4o
w here  H = 2 f * ^c . , . .  7 . 5
and  B = f 11
V a lu e s  f o r  k^ and  k ^ ,  o b t a i n e d  b y  i n t e g r a t i o n  o f  
e q u a t i o n  7*4- a r e  g iv e n  i n  T a b le  7*1
T a b l e :  7 ,1  V a lu e s  o f  k,, and  k^  f o r  p a r a b o l i c  d i s t r i b u t i o n ,
Symbol N e u t r a l
a x i s
w i t h i n
s e c t i o n
N e u t r a l a x i s o u t s i d e  s e c t i o n .
k 1 # (1 -  H (;« 2 >
k 2 3/8 1 -  (4 -■ r s§? -  mf * ^ i 3)
II . H I , , , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II I I U 1 H
(1
-
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A c o m p a r is o n  o f  v a l u e s  f o r  k^ and  k ^  u s e d  by  
v a r i o u s  a u t h o r s  i s  g i v e n  i n  T a b le  7*2
The r a t i o  k 2 /k ^ k ^  i s  commonly f o u n d  i n  t h e  
e q u a t i o n  f o r  u l t i m a t e  moment f o r  b e am s , e q u a t i o n  1 .5 *
As t h e  v a lu e  o f  t h i s  f a c t o r  becom es g r e a t e r  t h e  u l t i m a t e  
moment d e c r e a s e s  and  i t  w i l l  be  s e e n  f ro m  t a b l e  7*2 t h a t  
t h e  a u t h o r ’ s a s s u m p t io n s  gave  t h e  m ost c o n s e r v a t i v e  v a lu e  
f o r  s t r e n g t h
T a b le  7 .2  C o m p ariso n  o f  v a l u e s  f o r  k^ and  k 2 T o r  t h e
n e u t r a l  a x i s  w i t h i n  t h e  s e c t i o n .
S o u rc e k2 k2
V kmk-,1 3
(k ^  = .8 5 )
B e n n e t t ^ .6 8 .3 8 .5 6 .6 6
A u t h o r ^  a s s u m p t io n s  
( p a r a b o l i c ) .6 7 .3 8 .5 6 • 66
H o g n e s ta d ^ • 77 .4-3 .5 5 • 65
u i 24- B a k e r • 75 ' .4-0 .5 3 .6 3
12M ensch - - - .6 5
J e n s e n ^  ( M o d i f ie d  
t r a p e z o i d a l ) •7 4 .3 9 .5 2 .61
74-W h itn e y '  ( e q u i v a l e n t  
r e c t a n g u l a r ) 1 . 0 .5 0 - , - .5 0 .5 9
L y se ^ 2 - ~ - .3 9
E v a n s2 '7 .8 5 .4-25 .5 0 .5 9
------------- , .................................................. .. -  - ........ -
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The t o t a l  c o m p r e s s iv e  c o n c r e t e  f o r c e  C was fo u n d
g e n e r a l l y  t o  he  b e tw e e n  v a l u e s  g i v e n  by  k ^  = 1*0 and
k^  « *89* F ig  7 * 4 ,  t h e  f o r m e r  f a c t o r  b e in g  f a v o u r e d  f o r
27beam s i n  t h e  E u ro p e a n  C o m m i t te e 's  1 r e c e n t  r e p o r t ,  s e e
F ig  7*3> w h e re a s  t h e  l a t t e r  f a c t o r  h a s  b e e n  u s e d  f o r
co lum ns (w h e re  t h e  e c c e n t r i c i t y  o f  t h e  t h r u s t  i s  s m a l l )
s i n c e  t h e  e a r l i e s t  e x p e r im e n t s  on co lum ns a n d  i s  s t i l l
21 22i n c l u d e d  i n  p r e s e n t  C odes o f  P r a c t i c e  *
O r i g i n a l  p l o t t i n g s  o f  F ig  7*4 w here  v a r i a b l e s  
s u c h  a s  L /^  r a t i o ,  p r e s t r e s s  p o s i t i o n  and  e c c e n t r i c i t y  o f  
l o a d i n g  e-^, w ere  d i s t i n g u i s h e d  b y  c o l o u r s  d i d  show a  
g e n e r a l  t r e n d  f o r  c a s e s  w here  t h e  v a lu e  o f  e^  was low  t o  
be  a s s o c i a t e d  w i t h  k^  = *85 and  c a s e s  w here  e'^ was h i g h e r  
and  f o r  beam s t o  a p p r o a c h  t h e  * 1*0 c u r v e ,  T h is  t r e n d  
w a s ,  h o w e v e r ,  i n s u f f i c i e n t l y  d e f i n e d  t o  a l l o w  t h e  u s e  o f  a  
v a r y i n g  v a l u e  f o r  k^  a n d ,  w h i l s t  n o t i n g  some e x p e r i m e n t a l  
r e s u l t s  w ere  b e t t e r  d e f i n e d  by  k ^  = 1 . 0 ,  t h e  a u t h o r  
p r e f e r r e d  t o  u s e  k ^  -  .8 5  i n  o r d e r  t h a t  t h e  c o n c r e t e  
c o m p r e s s iv e  f o r c e  was c o r r e c t l y  e s t i m a t e d  o r  u n d e r e s t i m a t e d  
f o r  p r a c t i c a l l y  a l l  r e s u l t s .
T h e o r e t i c a l  u l t i m a t e  l o a d s  a r e  com pared  w i t h  
t h e  e x p e r i m e n t a l  r e s u l t s  i n  T a b le  8 .1  and F i g  8 . 2 .
European Committee
COMPRESSIVE 20-  
F O R C E  IN 
C O N C R E T E  15-
C t o n s
<•:* v
PIN ENDED COLUMNS 
5  SEAMS
S T R E S S  BLOCK f- 
CENTROID 
F A C T O R  K .3-
whole  o f  s e c t i o n  
in compression
part of  sect ion  
in compression
N E U T R A L  AX IS  D E P T H  c  i n c h e s
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as c -*oo  
C=Jc_ b t j—j
C =*B5fc bt-^
Parabolic s t ress -s tra in  re lat ion  ( 2 n d  d e g r e e ) ,  f ' = - 8 5 f ' = - 6 8 f  
n , , . *   . -  , , 1 c r»» h 6 ■ c W T—  P a rabo l ic  s t r e s s - s t r a i n  re lat ion  ( 2 n d  d e g r e e ) ,  fc ’c
FIG. 7.4
1 2 1
7>4- S t r a i n s  f ro m  c a s t i n g  t o  l o a d i n g .
( a )  S h r i n k a g e .  The t o t a l  s h r i n k a g e  s t r a i n  f o r  n o n -
- 5p r e s t r e s s e d  members was o f  t h e  o r d e r  o f  15  t o  20  x  10
w here  m ost  o f  t h i s  was r e a l i s e d  i n  7 t h e  s u b s e q u e n t
f u r t h e r  s h r i n k a g e  from  7 t o  28 d a y s  was e x t r e m e l y  sm a ll*
W ith  t h e  p r e s t r e s s i n g  b a r  l o c k e d  a g a i n s t  th e
s t r e s s i n g  b e d ,  s h r i n k a g e  s t r a i n s  p r i o r  t o  r e l e a s e  w ere
- 5r e s t r i c t e d  t o  a b o u t  10 x  10 . F o l lo w in g  r e l e a s e  any
s h r i n k a g e  was o b s c u r e d  by  and  i n c l u d e d  i n  t h e  c r e e p  s t r a i n  
m e a s u re m e n t .
The m a g n i tu d e  o f  s h r i n k a g e  s t r a i n s  w ou ld  be r e l a t e d  
t o  t h e  c u r i n g  m ethod  and  t h e  q u o te d  v a l u e s  do n o t  i n c l u d e  
any  change  i n  s t r a i n  d u r i n g  t h e  co m plex  c o n d i t i o n s  d u r i n g  
t h e  i n i t i a l  s e t ,  r e a d i n g s  b e i n g  commenced tw e lv e  h o u r s  
a f t e r  c a s t i n g .
P r e e n .  I m m e d ia te ly  f o l l o w i n g  r e l e a s e  o f  p r e s t r e s s  t h e  
w e l l  known fo rm  o f  t h e  s t r a i n - t i m e  c u r v e ,  F i g  7*5> was 
o b s e r v e d .
C re e p  b e tw e e n  r e l e a s e  ( a t  7 d a y s )  and  l o a d i n g  
( a t  28 d a y s )  was f o u n d  t o  add  a p p r o x i m a t e l y  20 p e r  c e n t  
t o  t h e  r e l e a s e  s t r a i n s .
The s u b s e q u e n t l y  d e s c r i b e d  m ethod  f o r  o b t a i n i n g  
r e l e a s e  s t r a i n s ,  s e c t i o n  7*5> w i t h  a n  a d d i t i o n a l  20 p e r  c e n t  
o f  t h e s e  s t r a i n s  f o r  c r e e p  and 10 x  10 ^ f o r  a v e r a g e
122
T Y P I C A L  S T R A I N S  UP TO LO AO I N G.
Mean of  all e x p er i m e n ta l  c u r v e s
Eccentricity
of  prestress
28
ACE IN DAYS AGE IN DAYS
F=13*51
o
c=a
co
Q 217 28U
AGE IN DAYSAGE IN DAYS
f a c e  A uppermost  in mould
F I G .  7 . 5
^ 2 3
s h r i n k a g e  a c c u r a t e l y  e s t i m a t e d  t h e  t o t a l  s t r a i n  f ro m  c a s t i n g  
t o  l o a d i n g ,  T h ese  v a l u e s  shown by  a r r o w s  on t y p i c a l  
e x p e r i m e n t a l  s t r a i n  p a t t e r n s ,  F ig  7 * 6 ,  a p p l i e d  f o r  t h e  
l e n g t h  o f  member m inus t h e  t r a n s m i s s i o n  l e n g t h s  a t  e a c h  
e n d ,  F i g  2 .5>  o v e r  w h ic h  l e n g t h  t h e s e  s t r a i n s  r e d u c e d  
t o  z e r o .
7*5 E s t i m a t e d  s t r a i n  p a t t e r n  f ro m  c a s t i n g  t o  l o a d i n g .
The c o n v e n t i o n a l  l i n e a r  s t r e s s - s t r a i n  r e l a t i o n ­
s h i p  u s i n g  a m odu lus  e q u a l  t o  t h e  i n i t i a l  t a n g e n t  m o du lu s
11f o r  p a r a b o l i c  d i s t r i b u t i o n ,  e q u a t i o n  6 .3 »  w h e re  f  = ,6 8c
2x  t h e  7 b a y  ( r e l e a s e )  c o n c r e t e  s t r e n g t h ,  ( 4 ,8 0 0  l b / i n  ) ,  
gave  h i g h  v a l u e s  o f  t h e  m odulus  a s  w ould  b e  e x p e c t e d  d u e . 
t o  t h e  s l i g h t  c o n v e x i t y  o f  t h e  t r u e  s t r e s s - s t r a i n  c u r v e ,  
e v e n  f o r  lo w e r  v a l u e s  o f  s t r e s s .  T h is  was c o m p e n sa te d  f o r ,  
by  u s i n g  t h e  f u l l  i n i t i a l  p r e s t r e s s i n g  f o r c e  F i n s t e a d  o f  
t h e  r e d u c e d  f o r c e  a f t e r  r e l e a s e  F^ a s  shown b y  F i g  7*6A.
The s t r a i n  a t  any  p o i n t  y  f ro m  t h e  n e u t r a l  a x i s
was
£ = F + Fay n n
A E - I E  • • • 'e o e o
w here  I  = b t ^  + (A_ + A^) (d  -  d ~ ^ ) ^ ^ s  
e 12 s s  4  Ec
T a b le  7*3 co m p a res  t h e  c a l c u l a t e d  and  e x p e r i m e n t a l  
v a l u e s  f o r  s t r a i n  on e x t r e m e  f a c e s ,  A an d  B, o f  a  s p e c im e n  
and  t h e  c u r v a t u r e  a t  m id h e i g h t  .
T Y P I C A L  S T R A I N  P AT T E R N S  P R I O R  TO L O A D I N G  T E S T
INITIAL PRESTRESSING FORCE
F = 9-5 to ns F = 13-5 tons
tr>
x
co
100-
80-
&D- 
40- 
20-  
0 ~
A
Af .
' A
s '  '
r
< * -
^ — x..— x ----- jf-— x-— x-—jr
I r m ' "  • • L L j  Uj
f t exper imental■•xbefore ret e a s e , 0-5 t o  6*9 days  
- + a f t e r  r e l e a s e  .0*5to  7*0 d a y s  1
a t -28  days  , 0 5 to  28 d a y s  2
2 ^
calculat ion
0*5
1*0
FIG 7.6
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initial b a r - j /  . / p a r a b o l i c
s tress  F/^ ) — relat ionship
CONCRETE
STRESS
bar s t r e s s f/ y  
after / /
■ r e l e a s e . / '
^,/A
A Eo
FIG.7.6A
STRAIN
T A B L E  7 . 3  C O M P A R I S O N  OF E X P E R I M E N T A L  AND C A L C U L A T E D  S T R A I N S  
ANO C U R V A T U R E  DUE T O  R E L E A S E  OF P R E S T R E S S .
Initial
prestressing 
fo rce  
F; tons
Ecc. o f  
prestress
a - inches
Calculated values Test v a l u e s
b a r  included in t h e  
t r a n s f o r m e d  s e c t i o n  properties
bar  ig n o r ed  in the  
tr a n s fo r m e d  sect ion properties
strain  
x Hf5 
A B x I0' 5
strain x IQ"j Curvature  
x I0' 5
strain x 0'5 Curvature
xlO' 5
_ L + F a t
A E ” 2 E I  e o o e
Face 
A B
- L  +  J L
A E - 2 E l  e o o e
Face 
A B
9-5 0 36 0 36 36 0 39 0 39 39 0 37 37 0
13 5 0 50 0 50 50 0 55 0 55 55 0 55 55 0
9-5 0-5 36 29-30 6 65 -17 3 9  ±31 8 70 - 1 8 10 ± 6 0 -14
13-5 0-5 50 43 -45 5 93 -25 55 ±44 IT 99 -2 5 . 9 ± 7 3 -18
95 10 36 56 -60 - 2 4  92 -33 39 ±62 -23 101 -25 -2 4  ± 87 -31
135 1*0 50 75 -84 - 3 4  125 - « 55 ± 8 8 33 143 -50 -46 ±118 - 4 7
1 2 S
7*6 E s t i m a t e d  d e f l e c t i o n  due  t o  r e l e a s e  o f  a n  e c c e n t r i c  
p r e s t r e s s * S a t i s f a c t o r y  a g re e m e n t  w i t h  e x p e r i m e n t a l  v a l u e s  
f o r  t h i s  d e f l e c t i o n ,  e 2 > was o b t a i n e d  f ro m  t h e  s t a n d a r d
65d e f l e c t i o n  e q u a t i o n  f o r  a  member s u b j e c t e d  to  p u r e  moment
e^  * FaL2 . . . .  7 , 8
o e
t o g e t h e r  w i t h  t h e  a s s u m p t io n s  u s e d  i n  e s t i m a t i n g  t h e
s t r a i n  p a t t e r n ,  s e c t i o n  7 *5 *
An a l t e r n a t i v e  s o l u t i o n ,  a l l o w i n g  f o r  c r e e p ,  was
g i v e n  by  u s i n g  t h e  v a lu e  o f  c u r v a t u r e ,  o c  , b e f o r e  l o a d i n g
2
o f : -
- 2 + V  ~ ^ 6  + V   7.9
w h ere  t  was t h e  d i s t a n c e  b e tw e e n  t h e  p o i n t s  f o r  c a l c u l a t i n g  
t h e  s t r a i n s  w h ic h  i n c l u d e d  c r e e p  s t r a i n s  8 ^ and  c ^ ,  up  t o  
t h e  l o a d i n g  t e s t ,  a t  28 d a y s ,  a s  w e l l  a s  t h e  r e l e a s e  
s t r a i n s  82  ? 8 ^ a n d : -
e ? =   7 . 1 0
s
w h ere  e i t h e r  ( a )  g = g  , f o r  c i r c u l a r  b e n d in g  u n d e r  
c o n s t a n t  moment, and  was t h e  e f f e c t i v e  l e n g t h  o v e r  w h ic h  
t h e  v a lu e  o f  <3C^was c o n s t a n t ,  t a k e n  a s  t o t a l  l e n g t h  L 
m in u s  h a l f  t h e  t r a n s m i s s i o n  l e n g t h  e a c h  end (a s su m ed  
c o n s t a n t  a t  20  i n c h e s ) *
1 2 7
o r  ( b )  g = n 2 a r d  ^  = L , t h e  c i r c u l a r  f e r n  o v e r  t h e  
c e n t r e  p o r t i o n ,  r e d u c i n g  t o  z e r o  c u r v a t u r e  a t  t h e  e n d s ,  
b e in g  assum ed  t o  a p p r o x im a te  t o  a  c o s i n e  fo rm .
T h ese  m e th o d s  o f  e s t im a t in g -  62  a r e  shown f o r  
t y p i c a l  c a s e s  i n  f a b l e  7*4- and  a l l  t h r e e  m e th o d s  com pare  
c l o s e l y  w i t h  t h e  h i g h e r  v a lu e  i n  t h e  r a n g e  o f  e x p e r i m e n t a l  
r e s u l t s  an d  e q u a t i o n  7*8  i s  p r e f e r r e d  s i n c e  i t  i n v o l v e s  
o n ly  t h e  s e c t i o n  p r o p e r t i e s *
I t  w i l l  be  s e e n  s u b s e q u e n t l y  i n  C h a p te r  7*7 > 
t h a t  e 2 i s  com b in ed  w i t h  t h e  d e f l e c t i o n  due  t o  l o a d i n g ,  
so  t h e  s e p a r a t e  v a l u e  o f  e 2 i s  o n ly  r e q u i r e d  to  c h e c k  
t h a t  t h e  e c c e n t r i c i t y  o f  l o a d i n g  i s  g r e a t e r  t h a n  e 2 «
T h a t  i s ,  t h a t  t h e  l o a d i n g  i s  su c h  a s  t o  c o u n t e r a c t  ( n o t  
a u g m e n t)  t h e  d e f l e c t i o n  due to  p r e s t r e s s .
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T a b le  7.4- C o m p ar iso n  o f  e x p e r i m e n t a l  and  c a l c u l a t e d  
d e f l e c t i o n s due t o  e c c e n t r i c  p r e s t r e s s i n g .
L e n g th
L
in c h e s .
I n i t i a l
P r e s t r e s s i n g  
F o rc e  
F t o n s .
B ar
E c c e n t r i c i t y
a
i n c h e s .
C a lc u la te d  
FaL2 c/2 L%
8e I 8 o e
e2
ocg?
*** 2 i r
Range o f  T e s t  
V a lu e s  f o r  e^
i n c h e s .
9*5 0 .5 .05 .0 5 .05 0 t o  .08
1 3 .5 0 .5 .07 .06 .08 0  t o  ,08
50 9 .5 1 .0 .1 0 « o Oo .1 0 .0 5  t o  .0 9
1 3 .5 1 *° .1 3 .1 1 .1 4 .0 ?  t o  .1 2
9 .5 0 .5 .21 .21 .21 .16  t o  ,2 0
1 3 .5 0 .5 .3 0 .31 .31 .2 5
100 9 .5 1 .0 .**0 .4 0 .4 0 .51  t o  .5 4
I
1 3 .5 1 .0 •54- .5 5 •55 .45  t o  .4 4
7*7 D e f l e c t i o n  -  C u r v a tu r e  r e l a t i o n s h i p .  The t o t a l  maximum 
i n i t i a l  d e f l e c t i o n ,  e , im m e d ia te ly  f o l l o w i n g  a p p l i c a t i o n  
o f  t h e  u l t i m a t e  l o a d  was t h e  a l g e b r a i c  s u m :-
0 =: 0^ + e^  • • • •
w h ere  * c o n s t a n t  e c c e n t r i c i t y  o f  l o a d i n g  a t  t h e  e n d s  
e 2 = m i d - h e i g h t  d e f l e c t i o n  up to  l o a d i n g  due  t o  
e c c e n t r i c  p r e s t r e s s  
= m i d - h e i g h t  d e f l e c t i o n  due  t o  e x t e r n a l  l o a d i n g  
a t  a p p l i c a t i o n  o f  ? u
P o r  a x i a l l y  l o a d e d  e c c e n t r i c a l l y  p r e s t r e s s e d
c o lu m n s ,  w as n e g a t i v e .
U nder u l t i m a t e  s t r a i n  c o n d i t i o n s  t h e  f i n a l
d e f l e c t e d  s h a p e ,  f o r  an  i n i t i a l l y  s t r a i g h t  p i n  en d ed
r e i n f o r c e d  c o n c r e t e  co lum n , h a s  b e e n  commonly a ssum ed  t o
2 30 66be  o f  c o s i n e  fo rm  > . P o r  w h ic h  t h e  d e f l e c t i o n  y ,
due  t o  l o a d i n g ,  a t  a n y  p o i n t  x  f ro m  t h e  m i d - h e i g h t ,  i s  
g i v e n  b y ; -
y  = e . c o s  M X • . . • 7 * 1 2
L
c u r v a t u r e  o c  an d  t h e  maximum d e f l e c t i o n  e a r e  r e l a t e d  by  
t h e  e q u a t i o n : -
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t'/iiicii a t  t h e  p o i n t  o f  maximum moment becom es
r I  ) I
The c u r v a t u r e  may a l s o  be  e x p r e s s e d
DC = e (J ± ) f  . . . .  7*14
€>C ~ ~c c t  " . . . .  7*15
c
t h u s
OC = e = 8 -  8 t  = 8 . . . .  7 . 1 6
( V z — t —  V
E q u a t io n  7*16 h a s  a l s o  b e e n  e x p r e s s e d  a s  a  p a r a b o l i c  f o rm ,  
u s i n g  t h e  f i r s t  two t e r m s  o f  a  pow er s e r i e s  o r ,  i g n o r i n g
5
s e c o n d  o r d e r  t e r m s  f o r  c i r c u l a r  fo rm ,  a s  u s e d  by  H o g n e s ta d  ,
6 7V i e s t ,  E l s t n e r  and  H o g n e s ta d  ' b y  t h e  s u b s t i t u t i o n  o f  8 
^  />
f o r  fi t o  g i v e : -
OC “ § e  8 -  8 t  = 8
2 — -------- £  —  • • • •  7 .1 7L -h f.
(The two commonly u s e d  r e l a t i o n s h i p s ,  e q u a t i o n s  
7*16 an d  7 * 1 7  i n  w h ich  i t  w i l l  be n o t e d  t h e  c r i t i c a l  s t r a i n  
an d  a s s o c i a t e d  c o n d i t i o n s  h a v e  b e e n  s u b s t i t u t e d  f o r  t h e  
u l t i m a t e  c o n d i t i o n s  u s e d  b y  t h e  q u o te d  a u t h o r s ,  g av e  
c o n s i s t e n t l y  g r e a t e r  d e f l e c t i o n s  t h a n  o b t a i n e d  
e x p e r i m e n t a l l y ,  F ig  7 .7 *  T h is  r e s u l t e d  i n  l i t t l e  e r r o r
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C U R V A T U R E  “  D E F L E C T I O N  R E L A T I O N S H I P
- - — oc= 8 |e3+e2) / | 3 :c i r c u la r  d e f l e c t e d  form  
 o c =  T ^ l e j + e ^ / i f * . c o s i n e  d e f l e c t e d  f o r m
Eccentricity100
prestress
80-
•  •
o c  110
F=9*5t
F=13*5t
ccx10
t e+e.
H ei/  x 10
Tfc s y m b o l
FIG 7.7
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f o r  " s h o r t "  co lum ns w here  t h e  d e f l e c t i o n  was o f  s m a l l  
o r d e r  b u t  f o r  l o n g e r  co lum ns a  more a c c u r a t e  v a l u e  was 
d e s i r e d  and  an e m p i r i c a l  v a lu e  o f
was fo u n d  t o  a c c o r d  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s ,  F i g  7-7*
A s im p le  c o n t i n u o u s  r e l a t i o n  f o r  t h e  d e f l e c t e d
fo rm  was p r e f e r r e d  t o  t h e  a l t e r n a t i v e  co m plex  d i s c o n t i n u o u s
c u rv e  o b t a i n e d  by  c o n s i d e r i n g  p l a s t i c  c o n d i t i o n s  o v e r  t h e
c e n t r a l  p o r t i o n  o f  t h e  co lum n w i t h  s e m i - e l a s t i c  c o n d i t i o n s
o v e r  t h e  r e m a in d e r  o f  t h e  l e n g t h ,  s i m i l a r  t o  t h e  t h e o r e t i c a l
68i n v e s t i g a t i o n  b y  M e rc h a n t
The d e f l e c t e d  fo rm  d e f i n e d  b y  e q u a t i o n  7*18 h a d  
g r e a t e r  m i d - h e i g h t  c u r v a t u r e  t h a n  a  p a r a b o l a  a n d  a  
h y p e r b o l a  o f  t h e  f o r m : -
was made t o  f i t  t h e  c o n d i t i o n s  s i n c e ,  b y  a d j u s t m e n t  o f  t h e  
a n g le  b e tw e e n  t h e  a s y m p t o t e s ,  t h e  h y p e r b o l a  c a n  be  a r r a n g e d  
t o  p a s s  t h r o u g h  a n y  two p o i n t s  w i t h  a n y  g i v e n  maximum 
c u r v a t u r e •
7 .1 9
E x p r e s s e d  a s  a  pow er s e r i e s ,  b y  m oving t h e  
o r i g i n  t o  t h e  p e a k ,  t h e  h y p e r b o l a  g a v e : -
x  = a  (1 + 2 ^ ) ^
b 2
2 / 4a  = ay  -  ay
2 42 b d b ^
r e v e r s i n g  a x e s  and c o m b in in g  t h e  c o n s t a n t s
by  u s i n g  t h e  f i r s t  t h r e e  t e r m s  o n l y ,  t h e n  by  Newton* 
e q u a t i o n ,  t h e  R a d iu s  o f  C u r v a tu r e  a t  A,
R^ = Lim x  « Lim x =  1
x-*o  2y 2C^x2 + 0 ^  20 X
a t  B x  = L , y  = e and  b y  s u b s t i t u t i o n  
2
+ 16 ( e  -  1? ) x 4
2Ra l4 8RA
i n c o r p o r a t i n g  t h e  r e q u i r e d  c u r v a t u r e  c o n d i t i o n .
1 3 4
1
R
OC ~ 15 e and  s i n c e  e
UA
• t  t • 7 . 2 4
T h is  a ssum ed  c u rv e  fo rm  was fo u n d  t o  c o r r e s p o n d  c l o s e l y  
w i t h  t h a t  o b t a i n e d  f ro m  e x p e r i m e n t ,  R ig  7* 8 .
o f  t h e  f i x e d  d i s t o r t i o n  t y p e  s h o u ld  be a p p l i e d  o n l y  t o  
i n i t i a l l y  s t r a i g h t  co lum ns and  t h e  f o l l o w i n g  e f f e c t s  o f  
e c c e n t r i c  p r e s t r e s s  w e re  t h e r e f o r e  c o n s i d e r e d
( a )  The m e a su re d  d e f l e c t i o n  e^  i n c l u d e d  c r e e p  d e f l e c t i o n ,  
f ro m  r e l e a s e  t o  l o a d i n g ,  w h e re a s  t h e  c r e e p  s t r a i n s  w ere  
e x c lu d e d  f ro m  t h e  a ssum ed  c o r r e s p o n d i n g  c u r v a t u r e  v a lu e s *  
A l th o u g h  t h i s  c r e e p  d e f l e c t i o n  was n o t  r e v e r s i b l e ,  ev en  i n  
p a r t ,  u n d e r  s h o r t  t e r m  l o a d i n g ,  t h e  m a g n i tu d e s  o f  t h e s e  
d e f l e c t i o n s  was c o n s i d e r e d  s u f f i c i e n t l y  s m a l l  t o  i g n o r e
i n  t h e  t h e o r e t i c a l  a n a l y s i s *
( b )  As e c c e n t r i c  l o a d i n g  was a p p l i e d  to  g i v e  c o n t r a r y  
d e f l e c t i o n  t o  t h a t  i n i t i a l l y  i m p a r t e d  by  e c c e n t r i c  p r e s t r e s s ,  
t h e  co lum n s t r a i g h t e n e d  and  t h e  l e n g t h  b e tw e e n  k n i f e  e d g e s  
o r  t h e  c o m p r e s s io n  o r  b o t h  i n c r e a s e d .  F o r  s h o r t  co lu m n s 
t h i s  l e n g t h  i n c r e a s e  was a ssum ed  t o  be  s u f f i c i e n t l y  s m a l l  
n o t  t o  m a t e r i a l l y  m o d ify  t h e  m e a su re d  l o a d i n g .  F o r  lo n g
S t r i c t l y  t h e  d e f l e c t i o n  o b t a i n e d  f ro m  an  e q u a t i o n
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co lu m n s  t h e  l o a d  was a p p l i e d  t h r o u g h  a  c o m p r e s s io n  s p r i n g  
t o  a l l o w  t h e  k n i f e  e d g e s  t o  move a p a r t ,  .and no c o r r e c t i o n  
was c o n s i d e r e d  n e c e s s a r y -
( c )  P a r t  o f  t h e  t o t a l  l o a d i n g  ( t h e  p r e s t r e s s )  was a p p l i e d  
t o  t h e  c o n c r e t e  a t  7 d a y s  r e s u l t i n g  i n  a g r e a t e r  d e f l e c t i o n  
t h a n  w ould  o c c u r  i f  a l l  t h e  l o a d i n g  was a p p l i e d  a t  28 d a y s  
( a s  f o r  t h e  n o n - p r e s t r e s s e d  c a s e )  a l t h o u g h  t h e  c r i t i c a l  
s t r a i n ,  and h e n c e  t h e  c u r v a t u r e ,  w e re  l i t t l e  a f f e c t e d .
To c o r r e c t  f o r  t h e  v a r y i n g  c o n c r e t e  s t r e n g t h  a t  
d i f f e r e n t  l o a d i n g  s t a g e s ,  t h e  e c c e n t r i c i t y  due t o  p r e s t r . e s s  
e 2  was r e d u c e d  b y  t h e  r a t i o  o f  t h e  c o n c r e t e  s t r e n g t h  a t  
r e l e a s e  t o  t h e  s t r e n g t h  a t  t e s t ,  s i n c e  e q u a t i o n  7*8 showed
'i
t h a t  t h e  d e f l e c t i o n ,  due  t o  e c c e n t r i c  p r e s t r e s s ,  was 
a p p r o x i m a t e l y  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c o n c r e t e  
s t r e n g t h  ( a s  EQ a p p r o x i m a t e l y  d i r e c t l y  p r o p o r t i o n a l  t o  
c o n c r e t e  m od u lus  w h ic h  i n  t u r n  was p r o p o r t i o n a l  t o  t h e  
c o n c r e t e  s t r e n g t h ) .
As t h e  r e l e a s e  t o o k  p l a c e  a t  7 d a y s  a n d  t h e  
t e s t i n g  a t  28 d a y s  t h e  f a c t o r  was . 8 .  T h is  c o r r e c t i o n  
g i v e n  i n  T a b le  7«5 a n d  shown b y  f i n e  d o t t e d  l i n e s  i n  
P i g  7 * 7 ( b )  and  7 « 7 ( c )  f o r  two c a s e s  o f  h i g h  p r e s t r e s s ,  
g av e  im p ro v e d  a g re e m e n t  b e tw e e n  t h e o r e t i c a l  and  e x p e r i ­
m e n t a l  r e s u l t s  f o r  t h e  l o n g e s t  c o lu m n s .  H ow ever, u s i n g  
t h i s  a d j u s t e d  v a l u e  f o r  d e f l e c t i o n  t h e  r e s u l t i n g  d i f f e r e n c e  
i n  c a l c u l a t e d  u l t i m a t e  l o a d  was s m a l l  and  o f  lo w e r  o r d e r
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t h a n  t h e  u n a v o id a b le  s c a t t e r  i n  m e a su re d  d e f l e c t i o n s ,  
e v en  w i t h  t h e  c a r e  t a k e n  t o  o b t a i n  a c c u r a c y  i n  
m e a su re m e n t .
A l th o u g h  t h e  m e n t io n e d  i n a c c u r a c i e s  w ere  
r e c o g n i s e d  an  a d ju s tm e n t  f o r  i n i t i a l  c u r v a t u r e  was 
c o n s i d e r e d  an  u n n e c e s s a r y  r e f i n e m e n t  and c o m p l i c a t i o n  
t o  s u b s e q u e n t  a n a l y s i s  and  e q u a t i o n  7*18 was a ssum ed  t o  
g i v e  t h e  m i d - h e i g h t  d e f l e c t i o n  u n d e r  c r i t i c a l  c o n d i t i o n s  
f o r  a l l  c a s e s .
T a b le  7 .5  C o r r e c t i o n  t o  d e f l e c t i o n  due t o  r e l e a s e  o f
e c c e n t r i c  p r e s t r e s s .
L
k
|
I n i t i a l  
P r e s t r e s s  
F t o n s .
E c c e n t r i c i t y  
o f  P r e s t r e s s  
a : i n c h e s .
C o r r e c t io n  (R e le a s e  a t  7 d a y s . )
*2e2 1 0 -5  
“ —  x  i n c h e s .
L2
50 9 .5 0 .5 A .01
1 3 .5 0 .5 .5 5 .01
9 .5 1 .0 .8 .02
1 3 .5 1 .0 1 .0 5 .0 3
100 9 .5 | 0 .5 A . 0*f
1 3 .5 i 0 .5 .5 5 .06
* -j 9 .5 1 .0 .8 .08
I 1 3 .5 ; 1 .0 1 .0 5 .1 0
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7 . 8  Summary o f  a s s u m p t io n s .
1 .  S t r a i n  d i r e c t l y  p r o p o r t i o n a l  t o  d i s t a n c e  f ro m  t h e  
n e u t r a l  a x i s  w i t h  l i n e a r  d i s t r i b u t i o n  i n s i d e  t h e  s e c t i o n ,  
c o r r e s p o n d i n g  t o  t h e  s t r a i n s  a t  t h e  s u r f a c e *
2 .  C r i t i c a l  c o n c r e t e  c o m p r e s s iv e  s t r a i n  a t  f a i l u r e  
8 = "180 x  10“ 5 .
C
3* S t r e s s - s t r a i n  r e l a t i o n s h i p  f o r  c o n c r e t e  a ssum ed  to
11 1f o l l o w  a  p a r a b o l i c  fo rm  w i t h  maximum s t r e s s  f  = .8 3  fc c
o c c u r i n g  w here  8 C -  180 x  The p e a k  v a l u e  i s  a ssum ed
t o  d e v e lo p  a t  t h e  e x t e r n a l  f a c e  o f  t h e  co lu m n , a n d  t o  a p p ly  
t o  t h e  c a s e  w h e re  t h e  n e u t r a l  a x i s  i s  i n s i d e  a s  w e l l  a s  
o u t s i d e  t h e  s e c t i o n .
4 .  S t r a i n s  i n  t h e  s t e e l  a ssum ed  e q u a l  t o  t h e  s t r a i n s  a t  
t h e  c o n c r e t e  s u r f a c e .  T h a t  i s  B a k e r ’ s f a c t o r ,
t a k e n  a s  e q u a l  t o  u n i t y .
5 .  C o n c r e te  a c t s  a s  a  h o m ogeneo us , i s o t r o p i c  m a t e r i a l .
6 .  Y i e l d  p o i n t  o f  t h e  m i ld  s t e e l  i s  t h e  same i n  t e n s i o n  
a s  i n  c o m p r e s s io n ,  and  t h e  e f f e c t s  o f  c r e e p  and  s h r i n k a g e  
s t r a i n s  and  t h e  c o n c r e t e  d i s p l a c e d  b y  t h e  s t e e l  a r e  i g n o r e d  
a s  b e in g  s m a l l .
7 .  F o r c e  l o s s  i n  p r e s t r e s s i n g  b a r  F-  ^ = 
s t r a i n  c h a n g e .
8 .  T o t a l  d e f l e c t i o n  due t o  p r e s t r e s s  and  l o a d i n g  a t  m id ­
h e i g h t  u n d e r  c r i t i c a l  c o n d i t i o n s  i s  g i v e n  b y  + e ^
2 c-  h  oC w h e re  o c  » c c .
CHAPTER 8.
DEVELOPMENT OF EQUATIONS FOR GENERAL ANALYSIS AMD COMPARISON 
OF THEORETICAL AND EXPERIMENTAL RESULTS.
8 ,1  G e n e r a l  e q u a t i o n s .  E q u a t io n s  o f  e q u i l i b r i u m  a s  u s e d  
f o r  t h e  p r e l i m i n a r y  a n a l y s i s  o f  r e s u l t s ,  b u t  e x c l u d i n g  t h e  
end  f i x i t y  moment f o r  t h e  l a t e r a l l y  u n r e s t r a i n e d  
c o n d i t i o n  and  i n c o r p o r a t i n g  a  p a r a b o l i c  s t r e s s  b l o c k  
b e c o m e ;-
P + F = .8 5  R  b t * k ,  = a V  + A f  + F , . . . .  8 . 1u  c l s s s s l
and
P e 1 + I  ( d 1 -  a )  -  .8 5  H  b t  k ,  ( d  -  k 0 c )  + i J f V t  
u  *5 s
P .  ( d 1 -  a )  + M„ . . . .  8 . 2
2 C
w h e re  e = + e = + e n + Ii oC . . . .  8 . 3
2 2 1 15
and
“ K  . . . .  8 . 4
c
*c i s  s u b s t i t u t e d  f o r  t  when c i s  l e s s  t h a n  t .
T h ese  f o u r  e q u a t i o n s  r e p r e s e n t  t h e  t h e o r e t i c a l  
r e l a t i o n s h i p  b e tw e e n  t h e  e x t e r n a l  l o a d  P , t h e  p o s i t i o n  o f  
t h e  n e u t r a l  a x i s  c ,  t h e  c u r v a t u r e  a t  m i d - h e i g h t  o <  a n d  
t h e  maximum l o a d i n g  e c c e n t r i c i t y ,  e ,  r e l a t i v e  t o  t h e  
c e n t r e  o f  t h e  s e c t i o n .
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The e q u a t i o n s  a r e  v a l i d  i r r e s p e c t i v e  o f  w h e th e r  
f a i l u r e  i s  by  p r i m a r y  o r  s e c o n d a r y  c o m p r e s s io n ,  f o r  a l l  
l e n g t h s  o f  co lum n a n d  f o r  beams*
A p p r o p r i a t e  v a l u e s  f o r  a r e  g i v e n  i n  T a b le  7*1 
and  t h e  f o r c e s  i n  t h e  s t e e l  b y : -
f 1 » - ^ f ^  = (c  -  t  -  a )  . . . .  8 . 5
■* <9C (o -  d " )  -  a s  8„ >■ 8_s s  s s  v '  s y  s  y
Agf s -  EsAs o C  ( c  -  t  + d ” ) f o r  8 g <  8  8 . 7
f o r  c ^  8 f  « fs y  s y
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8 , 2  S o l u t i o n  o f  e q u a t io n s *  S im u l ta n e o u s  s o l u t i o n  o f  
e q u a t i o n s  8 ,1  t o  8 , 7  i n c l u s i v e  i n v o l v e d  a  c u b i c  e x p r e s s i o n  
i n  c and  t o  a v o id  l a b o r i o u s  a l g e b r a  a  m ethod  o f  s u c c e s s i v e  
a p p r o x i m a t i o n  was d e v e l o p e d .  P i g  8 ,1  shows a g r a p h i c a l  
d e v e lo p m e n t  o f  t h i s  m ethod  f o r  t h e  a u t h o r ' s  t e s t s ,
A. C o n s t r u c t i o n  o f  P ig  8 .1
P o r  a  f i x e d  c r o s s  s e c t i o n ,  w i t h  s t e e l  o f  known 
p r o p e r t i e s  and  p o s i t i o n  and  w i t h  c o n c r e t e  o f  n o m in a l ly  
c o n s t a n t  s t r e n g t h ,  t h e  f o r c e s  i n  b o t h  s t e e l  and  c o n c r e t e  
a r e  f u n c t i o n s  o f  t h e  n e u t r a l  a x i s  d e p th  o n l y .
The C h a r t s  a r e  d e r i v e d  a s  f o l l o w s  
C h a r t  1 .  V a lu e s  f o r  k ^  and  k£  (T a b le  7*"0  a r e  
c a l c u l a t e d  f o r  d i f f e r e n t  d e p th s  o f  t h e  n e u t r a l  a x i s  
and t h e  c o n c r e t e  f o r c e  and  moment s c a l e s  a r e  c o n s t r u c t e d  
C h a r t s  2 and  5 . T h ese  a r e  d e r i v e d  d i r e c t l y  f ro m  t h e  
s t r a i n s  a t  t h e  l e v e l  o f  t h e  s t e e l ,  b y  l i n e a r  p r o p o r t i o n ,  
u s i n g  t h e  f i x e d  maximum c r i t i c a l  s t r a i n  o f  § c = 1 8 0 x 1 C f^ ,  
S h r in k a g e  a n d  c r e e p  s t r a i n s  a r e  i g n o r e d ,  f o r  t h e  s m a l l  
a r e a s  o f  m i ld  s t e e l  r e i n f o r c e m e n t  u s e d  by  t h e  a u t h o r ,
b u t  f o r  l a r g e  a r e a s ,  a  c o r r e c t i o n  s i m i l a r  t o  t h a t
d e s c r i b e d  f o r  C h a r t  6 c o u ld  be i n c o r p o r a t e d .
C h a r t s  4- a n d  5 .  P o r  a  p a r t i c u l a r  b a r  a r e a  t h e  s t r a i n  
ch an g e  f r o m c h a r t  3 i s  c o n v e r t e d  i n t o  an  e q u i v a l e n t  l o s s  
o f  b a r  f o r c e ,  a s  g i v e n  b y  t h e  v e r t i c a l  s c a l e s ,  t h e
creep and shrinkage 
at bar y
“ I f r o m  c h a r t  6 ) -
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r e s i d u a l  p r e s t r e s s i n g  f o r c e  i s  o b t a i n e d  by  s u b t r a c t i n g  
t h e  l o s s  f ro m  t h e  i n i t i a l  b a r  f o r c e  and  t h i s  i s  r e a d
d i r e c t l y  f ro m  t h e  d i a g o n a l  s c a l e s .
C h a r t  6 .  T h is  c h a r t  m akes a l l o w a n c e  f o r  t h e  e f f e c t s
o f  s h r i n k a g e  s t r a i n  b e f o r e  an d  c r e e p  s t r a i n  a f t e r
r e l e a s e  w h ich  a r e  e x c lu d e d  f ro m  t h e  c r i t i c a l
c o n d i t i o n s  on  w h ich  C h a r t  3 i s  b a s e d .
From e x p e r im e n t  th e  a v e r a g e  s h r i n k a g e  s t r a i n  
- 5was fo u n d  t o  b e  10 x  10 , C h a p te r  7 * 4 ,  and  t h e  c r e e p
s t r a i n s  w e re  t a k e n  a s  20 p e r  c e n t  o f  t h e  c a l c u l a t e d  
r e l e a s e  s t r a i n s ,  C h a p te r  7*5 and  t a b l e  7*3* T hese  
s t r a i n s  a r e  d e d u c te d  f ro m  t h e  o r d i n a t e  o f  C h a r t  3 
i n  o r d e r  t o  com bine a l l  t h e  l o s s e s .
C h a r t  7 .  F o r  a  p a r t i c u l a r  n e u t r a l  a x i s  d e p t h  t h e  
m i d - h e i g h t  d e f l e c t i o n  i s  g i v e n  by  e q u a t i o n  7*18 and  
c u r v e s  a r e  s e t  up  f o r  v a r i o u s  s l e n d e r n e s s  r a t i o s .
144
B. P r o c e d u r e  f o r  u s i n g  Pip; 8 . 1 .
( a )  C h a r t  1 i s  e n t e r e d  a t  a n  assum ed  v a lu e  f o r  c a n d  t h e  
v a lu e  f o r  C and  C (d  -  k ^ c )  r e a d  f ro m  t h e  s c a l e s .
(b )  P r o c e e d in g  t o  C h a r t  2 t h e  “t e n s i o n ” and  c o m p r e s s iv e  
s t e e l  f o r c e s  a r e  r e a d  o f f  and  a l s o  t h e  moment due 
t o  t h e  c o m p r e s s iv e  s t e e l .
( c )  On C h a r t . 2» t h e  i n t e r s e c t i o n  o f  t h e  assu m ed  c v a l u e  
w i t h  t h e  a p p r o p r i a t e  h a r  e c c e n t r i c i t y  c u rv e  i s  m a rk e d ,  
and  a  p o i n t  d e t e r m i n e d  v e r t i c a l l y  "below t h i s  i n t e r ­
s e c t i o n ,  a t  a  d i s t a n c e  e q u a l  t o  t h e  c r e e p  and s h r i n k a g e  
s t r a i n  a t  t h e  b a r  p o s i t i o n  r e a d  f ro m  C h a r t  6 .
( d )  A h o r i z o n t a l  l i n e  f ro m  t h i s  p o i n t  i s  d raw n t o  i n t e r s e c t  
t h e  i n i t i a l  p r e s t r e s s i n g  f o r c e  P ,  C h a r t  4  o r  5.» and t h e  
r e s i d u a l  p r e str e ss  Pp i s  t h e n  r e a d  d i r e c t  f ro m  t h e  
d i a g o n a l  s c a l e .
( e )  Pp i s  m u l t i p l i e d  by  t h e  b a r  d i s t a n c e  f ro m  t h e  " P e n s i l e "
s t e e l  (d^~  a )
2
( f )  The t o t a l  d e f l e c t i o n  + e r e a & f ro m  C h a r t  7> 
ad d ed  t o  t h e  l o a d i n g  e c c e n t r i c i t y  a t  t h e  e n d s  e ,  and
t o  t h e  d i s t a n c e  f ro m  t h e  colum n c e n t r e  t o  t h e  " t e n s i o n "
s t e e l  d ^  . T h is  v a lu e  i s  d i v i d e d  i n t o  t h e  sum o f  
2
t h e  moments t o  g i v e  a f o r c e
1 4 5
I f  e q u a l  t h s  a l g e b r a i c  sum o f  t h e  f o r c e
t e r m s  t h e n  t h e  s e l e c t e d  v a lu e  f o r  t h e  n e u t r a l  a x i s
d e p th  was c o r r e c t  an d  P n « P~ = F and  t h e  u l t i m a t e1 2 u
m oment, a b o u t  t h e  c e n t r e  o f  t h e  s e c t i o n ,  f s
Mu » ( e 1 + e^  + e ^ )  = P^e . . . .  8 . 8
I f  p^  i s  g r e a t e r  t h a n  P^ t h e  s e l e c t e d  v a l u e  
o f  c i s  t o o  g r e a t  and  a  f u r t h e r  t r i a l ,  w i t h  r e d u c e d  
v a lu e  o f  c ,  m ust be  made u n t i l  b a l a n c e  i s  o b t a i n e d .
Due to  t h e  d i f f i c u l t y  o f  r e a d i n g  se c o n d  
p l a c e s  o f  d e c i m a l s  g r a p h i c a l  i d e n t i t y  wes a ssum ed  
c o m p le te  i f  P^ and  P^ d i d  n o t  d i f f e r  by  more t h a n
0 .1  t o n s .
The d e s c r i b e d  p r o c e d u r e  t o o k  o n ly  a  m a t t e r  
o f  a  few  m in u te s  f o r  e a c h  co lum n an d  t h e  r e a d i n g s  w ere  
w r i t t e n  down a s  t h e  t y p i c a l  exam ple  1 .
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• Example 1*
Column N o .37*
L.' * 100  a s  1 .0 "  3MX d i a .  b a r .
k
C a l c u l a t i o n :
Assume c * 3*8 in c h e s
F o rc e s  Moments to n s
-  in c h e s .
= 1 .5 0  in c h e s .  C » 1 8 .0  t o n s .  C C d-k^c^s 2 9*0
e~+e_ a# ,3 2  A f  » 0 .6  A l £  1 ,1  * **.1
2 3  s  s  s  as
e * 1 .8 2
d1 1 .2 5  V f 1 ’ Pr ( d  - a ) = 1 0 . 4 * . 25= - 2 . 6
s  20 .2  2-------------------------- --------
  3 0 .5
T o ta l  » 3*07 i n c h e s .  F^ » - 1 0 ,3
Px  = 9 .8  t o n s  P2 = ^ i 7 = 9 .9
   t o n s
t h e r e f o r e  P » 9*8 to n s  P ( t e s t )  ^u  j a ________  9*o
Pu ( c a l c )
a n d  Mu a  9*® x  t o n s - i n c h e s ;
M ( t e s t )  u  17 .0
M t . v ^7*8
u  ( c a l c )
= 1.0
0.96
1 4 7
F i g  8 ,1  was a l s o  u s e d  f o r  t h e  s p e c i a l  c a s e  o f  
c e n t r a l l y  l o a d e d  e c c e n t r i c a l l y  p r e s t r e s s e d  co lum n s f o r  
t h e  two p o s s i b l e  d i r e c t i o n s  o f  bo w in g  a t  f a i l u r e .  The 
h i g h e r  v a l u e ,  w i t h  t h e  b a r  on  t h e  o p p o s i t e  s i d e  o f  t h e  
co lum n  c e n t r e  l i n e  t o  t h e  f a c e  u n d e r  t h e  g r e a t e r  
c o m p r e s s iv e  s t r a i n ,  was o b t a i n e d  a s  t h e  f o r e g o i n g  
t y p i c a l  e x a m p le .  F o r  t h e  lo w e r  v a l u e  t h e  l o s s  o f  
p r e s t r e s s  f ro m  F ig  8 .1  was a d j u s t e d  b y  t h e  p r o p o r t i o n
c -  d + a
2
c -  d _  -  a
2
t o  a l l o w  f o r  a  movement o f  t h e  c e n t r e  o f  p r e s t r e s s  o f
2a  r e l a t i v e  t o  t h e  n e u t r a l  a x i s  and  t h e  ( d ^ -  a )  t e r m  i n
x 2 
t h e  t y p i c a l  ex am ple  became (d _  + a ) .
2
F o r  beam s a v a lu e  o f  c was s e l e c t e d  so  t h a t  t h e  
su m m ation  o f  t h e  f o r c e s  becam e z e r o .  The c o r r e s p o n d i n g  
moment sum m atio n  o f  t h e s e  f o r c e s  a b o u t  t h e  t e n s i o n  s t e e l  
( o r  an y  o t h e r  p o i n t )  t h e n  gav e  t h e  t h e o r e t i c a l  e x t e r n a l l y  
a p p l i e d  moment.
-148
A g r a p h i c a l  s o l u t i o n  i s  s u i t a b l e  o n l y  when a 
l a r g e  number o f  s i m i l a r  co lu m ns i s  to  be  a n a l y s e d .  
N o rm a l ly  t h e  m ethod  o f  s u c c e s s i v e  a p p r o x i m a t i o n  w o u ld  
be  c a r r i e d  o u t  by  c a l c u l a t i n g  e a c h  i t e m  a n d  t h e n  
f o l l o w i n g  t h e  p r e v i o u s l y  d e s c r i b e d  p r o c e d u r e .  G?his 
i s  i l l u s t r a t e d  by  t h e  f o l l o w i n g  e x am p le s  2 and  3*
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Example 2 .
U sin g  s u c c e s s iv e  a p p ro x im a t io n  f o r  a  r e i n f o r c e d  
c o n c r e te  s e c t i o n
D a ta :
S e c t io n  b x  t  * 10 x  10 in c h e s  L e n g th  L * 144 in c h e s *
f c 1 = 5 ,000  l b / i n 2 Ag * Ag1 * .3  p e r  c e n t  t  * 36,000  l b / i n 2
11d * 2 .0  in c h e s  lo a d in g  e c c e n t r i c i t y  e^ » 3*0  i n c h e s .
C a l c u l a t i o n :
t r y  o * 3 *^ in c h e s  k ^ c  = % x  3 *^ = 2 .0 2  i n c h e s .
C * k ^ b c f ^  « |  x  10 x  3*^  x  .83  x  |§Zf5 = ^8*2 t o n s .
f
c a  y  = 36000  r = 120 x  10“5 A j, = 4  X 10 x  10 x  36000 0
» iT J o T i o 6 " j  ™
g 1 a ( 5 A - _ 2 )  x 180 10-5 = 113 x 10-5 .  A1 1 112 x 8 .05  = 7 .6
e  s f s  120 t o n s
180 x  10”^  « -86  X 10 5 As j  = -  8 .0 5  = -  5>8
s  to n s
F o rc e s  Moments
3*0 in c h e s  C = 68 - 2 to n s  x ( 10- 2 - 2 . 02 ) = 408 to n s  
- .r  ?  1 iE<ch£S»
e +e * 180 10 ?IT = ,4 6  A f  = 7 . 6  x  ( 1 0 -4 )  « 4 5 ,6
15 c
e  = 3 .4 6  ' t e . S
1 A=f = = -5*8d _ 10—4 _ ^  q  s  s
T o t a l  = 6.46 inches. 1= 70-»0 ton s.P j = ^ | 6  = 7 0 .1  tons,
t h u s  Pu  « 70*0 t o n s  Mu =Pue= 70 x  3*^6 = 243 t o n s - i n c h e s .
A post-tensioned concrete column.
D a ta :
a s  exam ple 2 b u t  = 3*0 p e r  c e n t  » 0  Ag =As  ^ * 0  3'0 ‘u\c\\S$
2_
i n i t i a l  b a r  s t r e s s  = 43 t o n s / i n  lo a d in g  e c c e n t r i c i t y  e^ = 8*23 in c h e s
C a l c u l a t i o n :
t r y  c ss 1 4 .0  in c h e s  b t f ^  = 10 x  10 x  *83 x  5000
C 2245 a 190 t o n s .
\  = * .7 1 3  1 -  #  (§ )  * 1 - .1 7  « .83  c = *83 X 190 = 1 3 7 .5  t o n s .
n ( t a b l e  7 .1 )  = 14 ( 1 - .3 5 7  - .1 7  + .09 ) / .8 3  = 9.52  in c h e s
i n i t i a l  b a r  s t r a i n  = -  4o4 x  10*^25 x  10x
t o t a l  b a r  f o r c e  - ^ q  x  10 x  10 x  45 s  135 to n s
Sb x  180 x  10~5 = 77 x  10"5 l o s s  x135 = 25 .8  t o n s
F o rc e s  Moments
e 1 = 8 .2 3  in c h e s  C a  157.5  t o n s  x  (9 * 5 2 -6 )  = 5 5 -4  to n s
- in c h e s
e 2 «  = ,2 2  - F ^ 1 3 5 - 2 5 .8  a  -* 0 9 * 2
e a 8 .4 5  P 1 = 4 8 ,3  to n s  a  a  4 8 .4
,1 —  * to n s
4  -  3 .0  =
T o t a l  a 1 1 .4 5  i n c h e s .
t h u s  P^ « 4 8 .3  t o n s  M^ a 4 8 .3  X 8 .4 5  = 468 to n s  i n c h e s .
*
F o r p r e t e n s io n e d  m em bers t h e  sum o f  th e  s h r in k a g e  an d  c r e e p  s t r a i n s ,
a t  t h e  l e v e l  o f  t h e  p r e s t r e s s i n g  e le m e n t ,  i s  a d d e d  t o  8b a s  d e s c r ib e d
i n  s e c t i o n  8 .2  f o r  th e  c o n s t r u c t i o n  o f  c h a r t  6 .
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8 . 5  C o m p ariso n  o f  t e s t  r e s u l t s  and  c a l c u l a t e d  v a lu e s *
The g r a p h i c a l  s o l u t i o n  o f  a l l  sp e c im e n s  t e s t e d
b y  t h e  a u t h o r  gave  c l o s e  a g re e m e n t  w i t h  t h e  e x p e r i m e n t a l
r e s u l t s  f o r  u l t i m a t e  l o a d  and  u l t i m a t e  moment.
The a v e r a g e  v a l u e s  o f  P f c e s t /p c a p c f 0** . p r e s t r e s s
e c c e n t r i c i t y  r a t i o s  o f  a  = o ,  1 ,  2 r e s p e c t i v e l y  w e r e : -
t  7 7
1 . 0 1 ,  1 , 0 2 ,  1 ,0 7  f o r  I y k  “ 5 0 . ( 1 6 ,  8 an d  7 s p e c i m e n s ) .
1 , 0 8 ,  1 , 0 2 ,  1 .0 2  f o r  I y k  « 100 ( 1 6 ,  7 a n d  5 s p e c i m e n s ) .
an d  1 .1 0  f o r  t h e  n o n - p r e s t r e s s e d  L * « 12 s e r i e s  (4  s p e c i -
/  m e n s ) .
A v e rag e  v a l u e s  f o r  ^ e s ^/MCap c ^ o r  £  ~ 0 ,  1? 2
t  7 7
r e s p e c t i v e l y ,  e x c l u d in g  a x i a l l y  lo a d e d  co lu m ns w here
t h e  moment was v e r y  s m a l l  and  t h e  r a t i o  d i s t o r t e d  h y
n e g l i g i b l e  d i f f e r e n c e s  i n  s m a l l  o r d e r  t e r m s ,  w e r e : -
1 . 0 5 ,  1 . 0 5 ,  1 . 0 5 .  I y k  » 5 0 .
1.02, 1 .0 5 , 1.00. Iyk = 100.
1 . 1 J ,  1 . 1 0 ,  1 . 0 5  f o r  b e am s.
I t  w i l l  be  n o t i c e d  t h a t  t h e  c a l c u l a t e d  l o a d s  and  
moments t e n d e d  t o  b e  on t h e  s a f e  s i d e ,  t h a t  i s  t h e  r a t i o  o f  
t e s t  t o  c a l c u l a t e d  v a l u e  was g r e a t e r  t h a n  u n i t y .  T h is  
was b e c a u s e  o f  t h e  i n t e n t i o n a l  s e l e c t i o n  o f  t h e  lo w e r  l i m i t  
v a l u e  f o r  t h e  c o n c r e t e  f l e x u r a l  s t r e n g t h  p a r a m e t e r ,  b y  t h e  
a u t h o r  who c o n s i d e r e d  t h i s  a  more r e a l i s t i c  a p p r o a c h  t h a n
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u s i n g  a  mean o r  v a r y i n g  f i g u r e  w h ic h ,  f o r  some c a s e s ,  
w ou ld  h a v e  o v e r e s t i m a t e d  t h e  s t r e n g t h .
T a b le  8 .1  shows t h a t  t h e  a u t h o r ’ s t e s t  s e r i e s  
o f  1 5  c e n t r a l l y  l o a d e d  and  52 e c c e n t r i c a l l y  l o a d e d  p i n  
e n d e d  p r e s t r e s s e d  co lum ns h a d  a n  a v e r a g e  r a t i o  o f  t e s t  
t o  c a l c u l a t e d  u l t i m a t e  l o a d  c a r r y i n g  c a p a c i t y  o f  1 . 0  and  
1 .0 6  r e s p e c t i v e l y  w i t h  s t a n d a r d  d e v i a t i o n s  o f  o n l y  . 0 4  
and  .0 8  r e s p e c t i v e l y .
The s o l u t i o n  o f  e q u a t i o n s  8 .1  t o  8 . 7  a l s o  gave 
good  a g re e m e n t  b e tw e e n  m e a su re d  a n d  c a l c u l a t e d  v a l u e s  f o r  
d e p t h  o f  n e u t r a l  a x i s  and  s t r a i n s  a t  t h e  l e v e l s  o f  b o t h  
r e i n f o r c e m e n t  a n d  t h e  p r e s t r e s s i n g  e l e m e n t .  The m e a su re d  
an d  c a l c u l a t e d  r e s i d u a l  p r e s t r e s s i n g  f o r c e s  IT a r e  g i v e n  
i n  t h e  a p p e n d i c e s ,  t a b l e s  A 2 .1 ,  4 . 1 ,  4 . 2  and  6 . 1 .
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8 . 4  Method, o f  a n a l y s i s  a p p l i e d  t o  t e s t s  b y  o t h e r s #
59 c e n t r a l l y  lo a d e d  and  103 e c c e n t r i c a l l y  lo a d e d  
r e i n f o r c e d  c o n c r e t e  co lum ns and  3 p r e s t r e s s e d  c o n c r e t e  
c o lu m n s ,  t e s t e d  by  o t h e r s ,  w ere  a l s o  a n a l y s e d  u s i n g  
e q u a t i o n s  8 ,1  t o  8 .7 *  The te rm s  r e l a t i n g  t o  p r e s t r e s s i n g  
f o r c e  w ere  o m i t t e d  w h ere  a p p r o p r i a t e .
The r a t i o  o f  P t e s t / p c a qc t o g e t h e r  w i t h  t h e  b a s i c  
p r o p e r t i e s  o f  e a c h  s p e c im e n  a r e  g i v e n  i n  a p p e n d i c e s  A2 t o  
5 i n c l u s i v e  and  t h e  a v e r a g e  g ro u p  r e s u l t s  w i t h  t h e  s t a n d a r d  
d e v i a t i o n  a r e  su m m arised  i n  t a b l e  8 . 1 .
F ig  8 . 2  shows g r a p h i c a l l y  t h a t  c l o s e  a g re e m e n t  
was o b t a i n e d  b e tw e e n  e x p e r i m e n t a l  and  c a l c u l a t e d  t o t a l  
u l t i m a t e  l o a d ,  t h a t  i s  e x t e r n a l  l o a d  p l u s  r e s i d u a l  p r e ­
s t r e s s i n g  f o r c e ,  f o r  a  c o m p re h e n s iv e  r a n g e  o f  co lum n le n g th s .  
T h is  a g re e m e n t  was c o n s i s t e n t  f o r  a l l  t e s t s  w h ic h  i n c l u d e d  
t h e  f o l l o w i n g  r a n g e  o f  v a r i a b l e s
( a )  C r o s s  s e c t i o n s  f ro m  3 i n c h e s  s q u a r e  t o  20 i n c h e s  s q u a r e .
( b )  Column l e n g t h s  f ro m  12 t o  260 i n c h e s .
( c )  E c c e n t r i c i t y  o f  l o a d  a t  t h e  e n d s  o f  e^  -  0 t o  1 2 .5  i n s .
( d )  M ild  s t e e l  r e i n f o r c e m e n t  f ro m  0 . 6  t o  5*0 p e r  c e n t  o f  
t h e  g r o s s  c o n c r e t e  c r o s s  s e c t i o n a l  a r e a .
( e )  C o n c r e t e  s t r e n g t h s  f ro m  ® 1770 t o  8500  l b / i n ^ Vc
I te m s  ( d )  and  ( e )  w ou ld  n o r m a l l y  be s e n s i b l y  
c o n s t a n t  f o r  p r e s t r e s s e d  c o n c r e t e  c o lu m n s ,  w here  t h e
p e r c e n t a g e  o f  m i ld  s t e e l  w ould  be  s m a l l  o r  z e r o ,  a n d  t h e
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2c o n c r e t e  s t r e n g t h  o f  t h e  o r d e r  o f  5 0 0 0  l b / i n  a t  28 days#
I t  i s  s i g n i f i c a n t  t h a t  t h e  l a r g e s t  g r o u p s  o f
t e s t s ,  t h e  51 r e i n f o r c e d  c o n c r e t e  co lu m ns q u o te d  by
H o g n e s ta d ^  and  t h e  65 b y  t h e  a u t h o r  on  p r e s t r e s s e d  c o lu m n s ,
a r e  p a r t i c u l a r l y  s a t i s f a c t o r y  a s ,  w i t h  v e r y  few  e x c e p t i o n s ,
t h e  c a l c u l a t e d  u l t i m a t e  l o a d  was a  l i t t l e  l e s s  t h a n  t h e
v a l u e  o b t a i n e d  e x p e r i m e n t a l l y .  T h a t  i s  t h e  c a l c u l a t e d
u l t i m a t e  l o a d  v/as s l i g h t l y  on t h e  s a f e  s id e #
Some o f  t h e s e  co lum ns w ere  c a s t  i n  a  h o r i z o n t a l
p o s i t i o n ,  o t h e r s  v e r t i c a l l y ,  and  e i t h e r  c u b e s ,  p r i s m s  o r
c y l i n d e r s  w ere  u s e d  a s  c o n c r e t e  s t r e n g t h  c o n t r o l s .
51O nly  E r n s t ,  H rom ad ick  and  R iv e l a n d ^  and
R e c c h io  u s e d  c y l i n d e r s  t o  d e te r m in e  t h e  c o n c r e t e  s t r e n g t h s ,
an d  t h e  c y l i n d e r  s t r e n g t h s  g iv e n  i n  t h e  a p p e n d i c e s  w ere
o b t a i n e d  by  u s i n g  t h e  r e l a t i o n s h i p s  g i v e n  i n  C h a p te r  6 . 4 .
T e s t i n g  was g e n e r a l l y  c a r r i e d  o u t  i n  t h e  v e r t i c a l
p o s i t i o n  w i t h  t h e  l o a d  a p p l i e d  t h r o u g h  k n i f e  e d g e s  w i th
e q u a l  e c c e n t r i c i t i e s  o f  l o a d i n g  a t  b o t h  e n d s .
51I n  K a m b o l^ s  t e s t s  t h e  co lum ns w ere  t e s t e d  
h o r i z o n t a l l y  and  t h e  s p e c im e n  d e a d  w e i g h t  was c o u n t e r a c t e d  
b y  a  s u s p e n s i o n  s y s te m .
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R e c c h i o ' s ^  s i n g l e  p o s t - t e n s i o n e d  co lum n  h a d  f l a t  
en d s  b u t  a s  t h e  Iy^. v a lu e  was o n l y  37 > t h e  l a t e r a l  
d e f l e c t i o n  was v e r y  s m a l l  com pared  w i t h  t h e  d t e r m  and 
t h e  a n a l y s i s  f o r  p i n  en d ed  co lum ns was t h e r e f o r e  a ssum ed  
s a t i s f a c t o r y *
E c c e n t r i c  l o a d i n g  i n  t h e  t e s t s  b y  G e h le r  and  
H u t t e r ^  was s i m u l a t e d  by  a  t r a n s v e r s e  m id - h e i g h t  l o a d  
H, k e p t  a t  1 ,  2 o r  3 c e n t  o f  t h e  a x i a l  l o a d i n g  P ,  
t o  g iv e  a n  i n i t i a l  e c c e n t r i c i t y  e o f : -
e ■ Iffi * • .*  8*9
4P
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CHAPTER 9*
AXIALLY LOADED COLUMNS.
9*1 E f f e c t  o f  s l e n d e r n e s s « E ig  9*1 shows t h e  t o t a l  f a i l u r e  
l o a d  f o r  r e i n f o r c e d  and  p r e s t r e s s e d  c o n c r e t e  co lu m n s t e s t e d  
b y  t h e  w r i t e r s  g i v e n  i n  t h e  l e g e n d .
The l o a d  s c a l e ,  on t h e  e x tre m e  l e f t  o f  t h e  g r a p h ,  
i s  a p p l i c a b l e  t o  t h e  a u t h o r ' s  t e s t s  o n l y .
I n  o r d e r  t o  i n c o r p o r a t e  co lum ns o f  d i f f e r e n t  
l e n g t h s ,  c r o s s  s e c t i o n a l  a r e a  and w i t h  d i f f e r e n t  p e r c e n t ­
a g e s  o f  m i ld  s t e e l  r e i n f o r c e m e n t ,  t h e  a x i s  s c a l e  was made 
n o n - d i m e n s i o n a l  b y  d i v i d i n g  t h e  t o t a l  u l t i m a t e  l o a d s  by  
t h e  s h o r t  co lum n s t r e n g t h  P Q, e q u a t i o n  1 .3 *  Any v e r t i c a l
o r d i n a t e  was t h u s  e f f e c t i v e l y  t h e  r e d u c t i o n  f a c t o r  r e l a t e d
21 29t o  P , a s  commonly d e f i n e d  b y  C odes o f  P r a c t i c e  ’ .
The e m p h a s i s e d  c u rv e  was o b t a i n e d  b y  t h e  s o l u t i o n
o f  e q u a t i o n s  8 ,1  t o  8 , 7  i n c l u s i v e  f o r  t h e  a u t h o r ’ s t e s t s .
20R e d u c t io n  f a c t o r s  p r o p o s e d  b y  Thomas , Broms and
66V i e s t  , The A m e ric an  S o c i e t y  o f  C i v i l  E n g in e e r s  J o i n t
27i 21C om m ittee  and  t h e  B r i t i s h  Code o f  P r a c t i c e  a r e  s u p e r ­
im p o sed  f o r  c o m p a r i s o n .  A l l  t h e s e  u n d e r e s t i m a t e  t h e
u l t i m a t e  s t r e n g t h ,  f o r  t h e  more s l e n d e r  c o lu m n s ,  w i t h  t h e
20e x c e p t i o n  o f  T hom as’ s u p p e r  l i m i t ,  f o r  l a b o r a t o r y  
c o n t r o l l e d  s p e c im e n s ,  w h ic h  was p r a c t i c a l l y  c o i n c i d e n t  
w i t h  t h e  a u t h o r ’ s  c u r v e .
The ’’E u l e r ” b u c k l i n g  s t r e n g t h ,  e q u a t i o n  1 .1  u s i n g  
an  i n i t i a l  m o d u lu s  f o r  t h e  c o n c r e t e  a lo n e  an d  a l s o  f o r  t h e
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com bined  s e c t i o n  ( t a k e n  a s  t h e  a v e r a g e  v a l u e  f ro m  t h e  l o a d -  
s t r a i n  c h a r a c t e r i s t i c  F ig  6#$) e m p h a s is e d  t h e  w e l l  known 
u n s a t i s f a c t o r y  n a t u r e  o f  t h i s  fo rm  o f  e q u a t i o n  f o r  
co lu m ns w i t h  a  Iy^. v a l u e  l e s s  t h a n  a b o u t  100*
The p o i n t s  on F ig  g i v e n  i n  a p p e n d i c e s  2 t o  3
i n c l u s i v e ,  w ere  p l o t t e d  a g a i n s t  t h e  L s c a l e .  The Iy^. s c a l e  
was a ssum ed  d i r e c t l y  p r o p o r t i o n a l  w h ic h  i s  s t r i c t l y  c o r r e c t  
o n ly  when t h e r e  i s  no r e i n f o r c e m e n t .  I n  t h i s  w o rk , t h e  
r a d i u s  o f  g y r a t i o n  h a s  b e e n  b a s e d  on  t h e  g r o s s  c o n c r e t e  
s e c t i o n ,  no a l lo w a n c e  f o r  r e i n f o r c e m e n t  o r  d i s p l a c e m e n t  o f  
c o n c r e t e  b y  r e i n f o r c e m e n t  h a v in g  b e e n  m ade.
Had ” l i n e a r " t h e o r y  t r a n s f o r m a t i o n  b e e n  u s e d  t h e  
v a l u e  f o r  r a d i u s  o f  g y r a t i o n ,  k ,  i n  t h e  d e n o m in a to r  o f  t h e  
a x i s  s c a l e ,  F ig  9*1 > w ould  h a v e  b e e n  i n c r e a s e d  and  t h e  
p o i n t s  on  t h e  g r a p h  moved s l i g h t l y  t o  t h e  l e f t .  T h i s  
i n c r e a s e  w o u ld  be  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  
o f  t h e  r a t i o  o f  t r a n s f o r m e d  se c o n d  moment o f  a r e a  t o  t h e  
t r a n s f o r m e d  a r e a .
F o r  t h e  g r e a t e s t  p e r c e n t a g e  o f  r e i n f o r c e m e n t  i n  
t h e  r e i n f o r c e d  c o n c r e t e  co lum n t e s t s  ( G e h le r  and  H u t t e r ,  
C o l .  Ho. 3 w i t h  I y ^  -  4-0 a n d  5 p e r  c e n t  r e i n f o r c e m e n t )  and  
u s i n g  a  m o d u la r  r a t i o  o f  13 ? t h e  Iy^. v a l u e  w ou ld  h a v e  b e e n  
e q u a l  t o  134- i n s t e a d  o f  138 b a s e d  on  g r o s s  c o n c r e t e  a r e a .
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The v a r i a t i o n  i n  v a l u e  v/as t h e r e f o r e  l e s s  t h a n  3 p e r  
c e n t  f o r  t h e  m o st h e a v i l y  r e i n f o r c e d  s e c t i o n  and  f o r  p r e -  
s t r e S s e d  co lum ns t h i s  d i f f e r e n c e  w ou ld  he  l e s s  a s  t h e  m i ld  
s t e e l  p e r c e n t a g e  w ould  he  u n l i k e l y  t o  e x c e e d  1 . 0  p e r  c e n t .
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9*2 E f f e c t  o f  p r e s t r e s s  on  co lum n s t a b i l i t y » I t  was f o u n d  
t h a t  t h e  p r e - t e n s i o n i n g  e le m e n t  m e r e ly  a c t e d  a s  a  s u p e r ­
im p o sed  f o r c e ,  w i t h  f i x e d  l a t e r a l  p o s i t i o n ,  a n d  no 
a d v a n ta g e  t o  co lum n s t a b i l i t y  was a p p a r e n t .
S i m i l a r l y  no a d v a n ta g e  w ou ld  be e x p e c t e d  b y  t h e  
u s e  o f  a g r o u t e d  p o s t - t e n s i o n e d  e l e m e n t .
W ith  a n  u n g r o u t e d  p o s t - t e n s i o n i n g  e l e m e n t ,  a  
s m a l l  l a t e r a l  com ponen t o f  t h e  p r e s t r e s s i n g  f o r c e  i s  
d e v e lo p e d  when t h e  p r e s t r e s s i n g  t e n d o n  t o u c h e s  t h e  s i d e  o f  
t h e  d u c t  o r  a  s p a c e r  g r i l l .  T h is  f o r c e  w ould  i n c r e a s e  w i t h  
t h e  d e f l e c t i o n  b u t  d e c r e a s e  a s  t h e  l o n g i t u d i n a l  s t r a i n  
i n c r e a s e d  a t  t h e  l i n e  o f  t h e  b a r .  S in c e  t h e  d e f l e c t i o n  i s  
s m a l l  w i t h  a x i a l  l o a d i n g  t h e  f o r c e  co m ponen t w o u ld  a l s o  be  
s m a l l .
D u c ts  a r e  n o r m a l ly  g r o u t e d  to  p r e v e n t  c o r r o s i o n  
o f  t h e  p r e s t r e s s i n g  e le m e n t  and  t o  r e s t r i c t  d e ep  l o c a l i s e d  
c r a c k s  b y  d i s t r i b u t i n g  d i f f e r e n t i a l  s t r a i n ,  b e tw e e n  t e n d o n  
and  t h e  c o n c r e t e ,  o v e r  a r e a s o n a b l e  l e n g t h .  I t  i s  
c o n s i d e r e d  u n l i k e l y  t h e r e f o r e  t h a t  any  l a t e r a l  r e s t o r i n g  
f o r c e  f ro m  t h e  t e n d o n  w ou ld  be o f  p r a c t i c a l  s i g n i f i c a n c e .
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9«5 E f f e c t  o f  u n i f o r m  p r e s t r e s s  on  u l t i m a t e  l o a d .  The 
s o l u t i o n  o f  e q u a t i o n s  8 .1  t o  8 . 7  i n c l u s i v e  p r o v i d e d  
a c c u r a t e l y  t h e  r e l a t i o n  b e tw e e n  e x t e r n a l  a x i a l  l o a d  
c a r r y i n g  c a p a c i t y  and  p r e s t r e s s .
The suftLfrtation o f  e x t e r n a l  u l t i n a t e  l o a d  P ^ ,  a n d  
r e s i d u a l  p r e s t r e s s i n g  f o r c e  P.^, was fo u n d  e q u a l  t o  t h e  
s h o r t  co lum n s t r e n g t h  P Q, e q u a t i o n  1 .3 »  m u l t i p l i e d  by  t h e  
r e d u c t i o n  f a c t o r  B r e a d  f ro m  F ig  9*1 t h u s
P = B P -  F . . . .  9 . 2u  o r
F o r  a p p ro x im a te  a n a l y s i s  t h e  l o s s  o f  p r e s t r e s s
F^ may be e s t i m a t e d  by  a s s u m in g  a  ch an g e  i n  b a r  s t r a i n  o f
- 5  - 5a b o u t  144  x  10 , f ro m  t h e  l o a d i n g  s t r a i n ,  p l u s  20 x  10
s h r i n k a g e  and  c r e e p  s t r a i n  f o r  p r e t e n s i o n e d  m em bers , and
- 5a  t o t a l  o f  144 x  10 ^ f o r  p o s t - t e n s i o n e d  m em bers . T h is
- 5v a l u e  o f  144  x  10 was t h e  s t r a i n  a t  t h e  c e n t r e  o f  t h e
- 5s e c t i o n  f o r  a  c o n c r e t e  c r i t i c a l  s t r a i n  o f  180 x  10 a t  
t h e  o u t s i d e  f a c e  and  a n e u t r a l  a x i s  d e p t h  o f  2 . 3  t .
Thus t h e  r e s i d u a l  p r e s t r e s s  i n  e q u a t i o n  9 . 2  f o r  
a  p r e t e n s i o n e d  member b e c o m e s : -
F = F -  F- » F -  164 x  10- 5  ^  ^  . . . .  9 . 3
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A^ « t h e  t o t a l  a r e a  o f  t h e  p r e t e n s i o n i n g  e l e m e n t s .
= t h e  l i n e a r  a p p r o x i m a t i o n  t o  t h e  e l a s t i c  
m od u lus  f o r  t h e  e le m e n t .
F o r  M a c a l lo y  h i g h  t e n s i l e  s t e e l  u s e d  i n  t h e s e
6 2« 25 X 1 0 °  l b / i n  and  e q u a t i o n  9*2 t h u s  r e d u c e s
( t o n s )  = R PQ -  F + 18#3 . . . .  9*4
fro m  w h ic h  may be o b t a i n e d  a  r a p i d  e s t i m a t i o n  o f  t h e  v a lu e  
f o r  t h e  u l t i m a t e  l o a d  c a r r y i n g  c a p a c i t y .
I n  c e r t a i n  c i r c u m s t a n c e s  d e s t r e s s i n g ,  i n  w h o le  o r  
i n  p a r t ,  o f  p o s t - t e n s i o n e d  co lum n s a f t e r  e r e c t i o n ,  m ig h t  
b e  a d v a n ta g e o u s  t o  i n c r e a s e  t h e  u l t i m a t e  l o a d  c a r r y i n g  
c a p a c i t y .  S uch  c a s e s  w ould  be r a r e  and  t h e  s t r i c t e s t  
s u p e r v i s i o n  d u r i n g  t h e  d e s t r e s s i n g  o p e r a t i o n  w ou ld  be 
r e q u i r e d .
w h e re
t e s t s
t o
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CHAPTER 10.
COLUMNS SUBJECT TO ECCENTRIC LOADING.
1 0 .1  A greem en t 'betw een e x p e r i m e n t a l  and  c a l c u l a t e d  
u l t i m a t e  lo ad *
The r a t i o  o f  t e s t  t o  c a l c u l a t e d  v a l u e  o f  u l t i m a t e  
l o a d  P^ i s  su m m arized  i n  C h a p te r  8 , 3  and  P i g  1 0 .1  shows t h e  
n o n - d i m e n s i o n a l  r e l a t i o n s h i p  b e tw e e n  e x p e r i m e n t a l  and  
c a l c u l a t e d  u l t i m a t e  l o a d  f o r  d i f f e r e n t  s l e n d e r n e s s  and 
e c c e n t r i c i t i e s  o f  l o a d i n g .
C lo s e  a g re e m e n t  w i t h  u l t i m a t e  loo^d, c a l c u l a t e d  
f ro m  e q u a t i o n s  8 .1  t o  8 , 7  was o b t a i n e d  w i t h  t h e  t h e o r e t i c a l  
v a l u e s  g e n e r a l l y  s l i g h t l y  on  t h e  c o n s e r v a t i v e  s i d e .
W ith  t h e  4  i n c h  x  3*5 i n c h e s  co lum n  c r o s s  s e c t i o n  
and  a “d e fo rm e d  b a r  p r e t e n s i o n i n g  e le m e n t  u s e d  b y  t h e  a u t h o r ,  
t h e  co lum n l e n g t h ,  w i t h  Iy-^ v a l u e s  b e lo w  a b o u t  17 t o  24 
( d e p e n d e n t  on t h e  i n i t i a l  p r e s t r e s s i n g  f o r c e ,  P ig  2 . 5 ) ?  
n o t  p r o v i d e  s u f f i c i e n t  t r a n s m i s s i o n  l e n g t h  t o  d e v e lo p  t h e  
f u l l  t h e o r e t i c a l  p r e s t r e s s  a t  m i d - h e i g h t .  The t h e o r e t i c a l  
c u r v e s  i n  P ig  1 0 .1  w ere  t h e r e f o r e  n o t  v a l i d  f o r  t h e  a u t h o r ’ s 
t e s t s  b e lo w  t h e  t r a n s m i s s i o n  l e n g t h .  The e r r o r  i n  u s i n g  
t h e s e  t h e o r e t i c a l  s t r e n g t h s ,  f o r  v e r y  s h o r t  c o lu m n s ,  w ou ld  
be  on  t h e  c o n s e r v a t i v e  s i d e .
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7)8
.Base h a s  shown th e  t r a n s n i s s i o n  l e n g t h  f o r  
p r e t e n s i o n i n g  w i r e s  t o  b e  l e s s  t h a n  f o r  d e f o r c e d  b a r s  so 
t h a t  t h e  c u r v e s  i n  B ig  10*1 w ould  a p p ly  t o  Iy^. v a l u e s  
o v e r  a b o u t  16 f o r  w i r e s  and f o r  t h e  c o n c r e t e  s e c t i o n  
u s e d  i n  t h e  a u t h o r ’ s  t e s t s .
I n  b u i l d i n g  w ork  a  co lum n s e c t i o n  g r e a t e r  
t h a n  4 i n c h  x  3*5 i n c h e s  w ou ld  be e x p e c te d  and  t h e  
t h e o r e t i c a l  u l t i m a t e  l o a d  b a s e d  on c o n d i t i o n s  a t  m id­
h e i g h t ,  w o u ld  t h e n  be  t r u e  f o r  a l l  p i n  en d ed  co lum ns 
o f  p r a c t i c a l  l e n g t h ,
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10+2 E f f e c t  o f  s l e n d e r n e s s  and  l o a d i n g  e c c e n t r i c i t y #
F i g  10*1 showed t h a t  t h e  u l t i m a t e  l o a d  c a r r y i n g  
c a p a c i t y  d e c r e a s e d  w i t h  i n c r e a s e d  s l e n d e r n e s s  and  w i t h  
e c c e n t r i c i t y  o f  l o a d i n g  t o  g i v e  a  c h a r a c t e r i s t i c  s i m i l a r  
t o  n o rm a l  r e i n f o r c e d  c o n c r e t e .
F o r  t h e  n o n - p r e s t r e s s e d  c a s e  t h e  r e d u c t i o n  f a c t o r s  
f o r  l o a d i n g  e c c e n t r i c i t y  r a t i o s ,  r e l a t e d  t o  t h e  t h e o r e t i c a l
s t r e n g t h  f o r  z e r o  l e n g t h  o f  e » o ,  1 ,  2 an d  2 ,  f o r  co lu m ns
t 7 7 7
with an I = 100, were ,77* *74-, ,68 and .67 respectively.
K
When r e l a t e d  t o  t h e  s h o r t  co lum n s t r e n g t h  P , t o
21c o r r e s p o n d  t o  t h e  B r i t i s h  Code o f  P r a c t i c e  r e d u c t i o n
c o e f f i c i e n t  o f  , 5 6 ,  t h e  a u t h o r  f o u n d  a  r e d u c t i o n  c o e f f i c i e n t
o f  ,74- when e = 0 .  Even a l l o w i n g  f o r  l e s s  i d e a l  c o n d i t i o n s  
t
i n  c o n s t r u c t i o n  o f  c o lu m n s ,  i t  i s  a p p a r e n t  t h a t  t h e  Code 
r e d u c t i o n  c o e f f i c i e n t  v a l u e s  a r e  to o  c o n s e r v a t i v e  f o r  t h e  
h i g h e r  r a n g e  o f  s l e n d e r n e s s .
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1 0 ,5  E f f e c t  o f  p r e s t r e s s *
( a )  C e n t r a l  p r e s t r e s s .
U nd er  a x i a l  l o a d i n g  t h e  e x t e r n a l  u l t i m a t e . l o a d  
c a p a c i t y  r e d u c e d  w i t h  i n c r e a s e  i n  i n i t i a l  p r e s t r e s s  a s  
w ou ld  he e x p e c te d *
The l i m i t i n g  u l t i m a t e  l o a d  f o r  s h o r t  co lum ns 
h a s  b e e n  i n d i c a t e d  on  F ig  1 0 . 1 ,  by  t h e  v a lu e  P Q -  F , 
w h ere  t h e  v a l u e  f o r  t h e  r e s i d u a l  p r e s t r e s s ,  F , was 
b a s e d  on t h e  a p p ro x im a te  a s s u m p t io n  t h a t  t h e  t o t a l  c h a n g e  
i n  t h e  b a r  s t r a i n  a f t e r  t e n s i o n i n g  was 200 x  10 . T h a t
i s  a  c r i t i c a l  s t r a i n  o f  180 x  10 p l u s  a  p r e - r e l e a s e  
s h r i n k a g e  s t r a i n  o f  20 x  10 .
The s h r i n k a g e  s t r a i n  a d d i t i o n  w ou ld  be o m i t t e d  
i n  c a l c u l a t i o n s  f o r  p o s t - t e n s i o n e d  c o lu m n s .
T h e o r e t i c a l  v a l u e s  f o r  a t  a n  Iy^. r a t i o  e q u a l  
t o  zero , w ere  w i t h i n  3 p a r  c e n t  o f  t h e  P Q -  F^ l i m i t i n g  
v a l u e .  T h e r e f o r e  t h e  u l t i m a t e  l o a d ,  r e s i d u a l  p r e s t r e s s  
and  ” s h o r t ” co lum n s t r e n g t h ,  a r e  r e a s o n a b l y  g i v e n  b y  t h e  
r e l a t i o n s h i p
P + F = P . . . .  1 0 .1u  r  o
The r a t e  o f  d e c r e a s e  i n  u l t i m a t e  l o a d  c a r r y i n g
c a p a c i t y  w i t h  i n c r e a s e  o f  s l e n d e r n e s s ,  P ig  1 0 . 1 ,  was
s u c c e s s i v e l y  l e s s  a s  t h e  e c c e n t r i c i t y  r a t i o  o f  t h e  l o a d i n g
was i n c r e a s e d .  A t a  v a l u e  o f  ,e = » and  f o r  i n i t i a l
t  7
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p r e s t r e s s  o f  from  0 to  1 3 * 5  t o n s  u s e d  b y  t h e  a u t h o r ,  a l l
t h e  P ve rsu s  L c h a r a c t e r i s t i c s  w ere  p r a c t i c a l l y  i d e n t i c a l .  
u  K
T h e r e f o r e ,  b e f o r e  t h e  l o a d  e c c e n t r i c i t y  e q u a l l e d  h a l f  t h e  
s e c t i o n  d e p t h ,  t h e  l o s s  i n  u l t i m a t e  s t r e n g t h ,  b y  t h e  
a d d i t i o n  o f  a  c e n t r a l  p r e s t r e s s ,  was n e u t r a l i s e d  by  t h e  
a d d i t i o n a l  r e s i s t a n c e  d e v e lo p e d  i n  t h e  c o n c r e t e .
The v a l u e  o f  e = J  r e p r e s e n t s  t h e  a p p ro x im a te  
t  7
l i m i t  f o r  e c c e n t r i c i t y  o f  l o a d i n g  abov e  w h ic h  t h e  b e n e f i t s  
i n  h a n d l i n g  and  f ro m  th e  n o n -p e rm a n e n t  c r a c k  p r o p e r t i e s  
o b t a i n e d  f ro m  c e n t r a l  p r e s t r e s s i n g ,  c a n  be  a c h i e v e d  
w i t h o u t  l o s s  o f  e x t e r n a l  l o a d  c a r r y i n g  c a p a c i t y .
( b )  E c c e n t r i c  p r e s t r e s s .
Two s o l u t i o n s  f o r  Pu  a r e  p o s s i b l e  f o r  c e n t r a l l y  
l o a d e d  e c c e n t r i c a l l y  p r e s t r e s s e d  c o lu m n s ,  a s  shown by  E ig
1 0 . 1 ,  d e p e n d e n t  u p o n  w h ic h  d i r e c t i o n  t h e  co lum n bo?/s . T h a t  
i s  w h e th e r  t h e  h i g h e r  r e l e a s e  s t r a i n  t o w a rd s  one f a c e ,  due  
t o  e c c e n t r i c  p r e s t r e s s i n g ,  i s  a u g m en ted  o r  c o u n t e r a c t e d  by  
t h e  l o a d i n g  s t r a i n .  B o th  c a s e s  a r e  shown i n  E ig  1 0 .1  f o r  
c o m p le t e n e s s  a l t h o u g h  n e i t h e r  i s  o f  p r a c t i c a l  im p o r t a n c e  a s  
o n l y  u n i f o r m  p r e s t r e s s  w ou ld  n o r m a l ly  be u s e d  f o r  a  
c e n t r a l l y  l o a d e d  c o lu m n . T a b u l a t e d  i n  t a b l e  1 0 .1  a r e  t h e  
t h e o r e t i c a l  u l t i m a t e  s t r e n g t h  r a t i o s  o f  t h e  p r e s t r e s s e d  
co lum n t o  a  s i m i l a r  n o n - p r e s t r e s s e d  co lum n , f o r  v a r i o u s  
s l e n d e r n e s s  r a t i o s ,  a n d  m a g n i tu d e  and  p o s i t i o n  o f  p r e s t r e s s .
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TABLE 1 0 , 1 , RATIO QF THEORETICAL ULTIMATE STRENGTH 
OF T ^ S T M S S E D  ~TO~NON PRESTRESSED COLUMN
S e c t io n  b x  t  « 4 * n  x  3*5  in c h e s *
P e r c e n ta g e  o f  m ild  s t e e l  r e in f o r c e m e n t  * 1-Jf.
I!
I n i t i a l  } S le n d e r n e s s  
p r e s t r e s s i n g j  r a t i o *  
fo rc e *  ]
5fi
•pi \ ' L
t o n s .  1
!
...I. ...  i
i
If
6 IL o ad in g  e c c e n t r i c i t y  r a t i o .  : £  j
1
1 : 
7
2
7
3
7
0 •82  .9 2  1.06 .91  .9 8  1 .1 5 1K> 1 ,1 7  1*33
9 .5 50 .8 3  .9 8  1 .1 1 .9 3  1 .0 5  1 .2 0 i ; o M *22 1.^1
100 ,8 9  1 .1 1  1 .2 9 1.03  1 .2 7  1 .4 3 1.10  1 .3 0  1.60
1 5 .5 0 .?k  , , $ 1  1.07 .7 7  .9 6  1.16 .80-1.10 1.37
50 . .76 .93 1.12 .80 1.05 1.25 .83 1.19 1.^6
100 •80 1.07 1.32 .94 1.2? 1.47 1.10 1.^3 1.80
Ecc* o f  p r e s t r e s s *  ^  = 1 2 0 -  -7 7
1 2 0 3 K7 7 0  i  f
•
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The m a in  p o i n t s  shown by  t a b l e  1 0 .1  a r e  a s
f o l l o w s •
1 .  F o r  a  p a r t i c u l a r  p r e s t r e s s i n g  f o r c e : -
( a )  A t a l l  v a l u e s  o f  s l e n d e r n e s s ,  t h e  u l t i m a t e  s t r e n g t h  
was i n c r e a s e d  by  an  i n c r e a s e  i n  t h e  e c c e n t r i c i t y  o f  
t h e  p r £ s t r e s s i n g  f o r c e  ’a ' .
( b )  A t a l l  e c c e n t r i c i t i e s  o f  p r e s t r e s s  t h e  e f f e c t i v e n e s s  
o f  t h e  p r e s t r e s s  was more m arked  f o r  co lum ns o f  
g r e a t e r  s l e n d e r e s s .
( c )  F o r  any  e c c e n t r i c i t y  o f  p r e s t r e s s  t h e  r e l a t i v e  i n c r e a s e  
i n  u l t i m a t e  s t r e n g t h  was g r e a t e r  a s  t h e  l o a d i n g  
e c c e n t r i c i t y  was i n c r e a s e d .
2 .  The e f f e c t  o f  m a g n i tu d e  o f  p r e s t r e s s  f o r  a l l  v a l u e s  
o f  s l e n d e r n e s s  and e c c e n t r i c i t y  o f  p r e s t r e s s
( a )  F o r  t h e  lo w e r  e c c e n t r i c i t i e s  o f  l o a d i n g ,  up  t o  e = 1 ,
, . t  7
i n c r e a s e d  p r o s t r e s s  r £ s u l t € d  i n  ol r e d u c e d - u l t i m a t e
s t r e n g t h .
( b )  A t a  v a l u e  o f  e = 2 i n c r e a s e d  p r e s t r e s s  h a r d l y  a l t e r e d
t  7 
t h e  u l t i m a t e  l o a d .
( c )  A t a  v a l u e  o f  e e q u a l  t o  o r  g r e a t e r  t h a n  £  i n c r e a s e d
t  7
p r e s t r e s s  gav e  g r e a t e r  u l t i m a t e  l o a d  c a r r y i n g  c a p a c i t y .
3 .  The r a t i o s  o f  u l t i m a t e  s t r e n g t h s  o v e r  u n i t y  show some 
o f  t h e  c a s e s  i n  t h e  a u t h o r ’ s t e s t s  w h ere  a n  i n c r e a s e  
i n  u l t i m a t e  s t r e n g t h  was o b t a i n e d  by  p r e s t r e s s i n g .
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10,4- U l t i m a t e  moment on co lum ns and u l t i m a t e  lo a d - m o n e n t  
r e l a t i o n s h i p .
P i g  1 0 ,2  shows t h e  a u t h o r ' s  t e s t  r e s u l t s ,  s u p e r ­
im p osed  on f a m i l i e s  o f  t h e o r e t i c a l  load -m om en t c h a r a c t e r ­
i s t i c s ,  f o r  d i f f e r e n t  i n i t i a l  p r e s t r e s s i n g  f o r c e s  an d  
s l e n d e r n e s s  r a t i o s  o f  = 50  and 1 0 0 ,
The l i m i t i n g  s l e n d e r n e s s  f o r  " s h o r t "  co lum n s i s
21Iy^. = 50 a s  d e f i n e d  by  t h e  B r i t i s h  Code o f  P r a c t i c e  , up
21t o  w h ic h  t h e  d e s i g n  r e d u c t i o n  f a c t o r  i s  u n i t y .  The Code
r e d u c t i o n  f a c t o r  f o r  L = 100 i s  ,59*
k
F o r  e a c h  e c c e n t r i c i t y  o f  l o a d i n g  t h e  t h e o r e t i c a l  
moments c l o s e l y  c o r r e s p o n d e d  t o  t h e  t e s t  v a l u e s  and  t h e  
t h e o r e t i c a l  v a l u e s  g e n e r a l l y  gave  a  c o n s e r v a t i v e  e s t i m a t e  
o f  b o t h  u l t i m a t e  l o a d  and u l t i m a t e  moment.
The r a n g e  o f  v a l u e s  f o r  t h e  r a t i o  o f  t e s t  t o  
c a l c u l a t e d  u l t i m a t e  moment, g i v e n  i n  C h a p te r  8 , 5 ,  was 1 , 0  
t o  1 .0 5  Tor co lu m n s  a n d  1 , 0 5  t o  1 . 1 5  f o r  b eam s.
The lo ad -m om en t c h a r a c t e r i s t i c  i s  w e l l  known t o  be 
a p o w e r f u l  d e s i g n  t o o l  f o r  r e i n f o r c e d  c o n c r e t e  co lu m ns and  
i s  s i m i l a r l y  o f  v a lu e  f o r  p r e s t r e s s e d  co lu m ns s i n c e  t h e r e  
a r e  b u t  few  c a s e s  w h ere  u l t i m a t e  l o a d  a lo n e  i s  t h e  d e s i g n  
c r i t e r i o n .  G e n e r a l l y  t h e  com b ined  e f f e c t s  o f  b o t h  u l t i m a t e  
l o a d  and  m onen t d i c t a t e  t h e  d e s i g n  r e q u i r e m e n t s .
Even e x t e r n a l  co lum ns c a r r y i n g  l i f t  s l a b s  may 
h a v e  a  moment i n d u c e d  b y  t h e  f l a t  s l a b ,  t h r o u g h  t h e
INITIAL PRESTRESSING FORCE F = 0 - 0 t
U ltim ate  
load  
P„ totis
Whilney lim iting value.Mo 
k,for beams-. Equation 1.6
3 \ e = i o t  y 7  ,
U ltim ate  
load 
P„ to n s e = 4 t
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c o n n e c t i n g  c o l l a r .  However f o r  i n t e r n a l  c o lu m n s ,  w ith , 
s y m m e t r i c a l l y  p l a c e d  and  s i m i l a r l y  l o a d e d  f r a m in g  m em b ers , 
a n d  w i t h  a  low  r a t i o  o f  " l i v e ” t o  " d e a d ” l o a d i n g ,  t h e  
moment may o f t e n  be  r e a s o n a b l y  assum ed  t o  be  n e g l i g i b l e .
( a )  R e i n f o r c e d  c o n c r e t e  co lum ns (no  p r e s t r e s s ) .
The f i r s t  l o a d  moment c h a r a c t e r i s t i c  i n  R ig  1 0 . 2 ,  
shows t h e  f a m i l i a r  sh a p e  f o r , c o n c r e t e  co lum ns r e i n f o r c e d  
w i t h  m i ld  s t e e l .
The c u rv e  d i v i d e s  i n t o  f o u r  m a in  p a r t s  a s  t h e  
e c c e n t r i c i t y  o f  l o a d i n g  i s  i n c r e a s e d : -
1 .  Zone A t o  B, A n e a r  l i n e a r  r e d u c t i o n  i n  l o a d  w i t h
i n c r e a s e  i n  moment c a p a c i t y  o c c u r s  up t o  p o i n t  B w here  
t h e  n e u t r a l  a x i s  j u s t  c o i n c i d e s  w i t h  t h e  co lum n f a c e .
A t f a i l u r e  t h e  w hole  s e c t i o n  i s  u n d e r  c o m p r e s s io n
f o r  t h i s  z o n e .
2 .  Zone B t o  C. The n e u t r a l  a x i s  f a l l s  betv^een t h e
c o n c r e t e  f a c e  and  t h e  “t e n s i o n "  s t e e l  and  t h e  r e d u c e d
c o n c r e t e  a r e a  i n  c o m p r e s s io n  p r o d u c e s  a  d e p a r t u r e  f ro m  
l i n e a r i t y ,  so  t h a t  t h e  l o a d  c a p a c i t y  d e c r e a s e s  more 
r a p i d l y  w i t h  i n c r e a s e  i n  moment c a p a c i t y .
3 .  Zone C t o  D. I n c r e a s e d  t e n s i l e  s t r e s s  i s  d e v e lo p e d
i n  t h e  " t e n s i o n "  s t e e l  a t  f a i l u r e  u n t i l ,  a t  p o i n t  D, 
t h e  s t r a i n  a t  t h e  s t e e l  l e v e l  j u s t  e q u a l s  t h e  y i e l d  
p o i n t  s t r a i n  o f  t h e  r e i n f o r c e m e n t  and  t h e  maximum 
u l t i m a t e  moment i s  d e v e lo p e d .
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4 ,  Zone D t o  E. W ith  t h e  f u l l  s t r e n g t h  o f  t h e  t e n s i o n  
s t e e l  c o m m it te d  ( i g n o r i n g  any  a v a i l a b l e  e x t r a ,  s t r e n g t h  
p a s t  t h e  y i e l d  p o i n t  w h ic h  i s  o n ly  d e v e lo p e d  by  
e x c e s s i v e  e l o n g a t i o n ) ,  t h e  n e u t r a l  a x i s  r a p i d l y  r e d u c e s  
t o  b a l a n c e  t h e  f o r c e s  a t  f a i l u r e ,  The r e s u l t i n g  e f f e c t  
i s  a  lo v /e r  u l t i m a t e  l o a d  a c c o m p a n ie d  by  a  r e d u c e d  
moment c a p a c i t y ,  u n t i l  a t  E t h e  p u r e  b e n d in g  c o n d i t i o n  
i s  r e a c h e d .
Over z o n e s  A t o  D t h e  maximum c o n c r e t e  c o m p r e s s iv e  
r e s i s t a n c e  i s  d e v e lo p e d  b e f o r e  t h e  f u l l  s t e e l  s t r e n g t h  and  
f a i l u r e  i n  t h i s  r a n g e  i s  b y  p r i m a r y  c o m p r e s s io n  a s  d e f i n e d  
i n  C h a p te r  6 .9 *  P o i n t  D i s  t h e  b a l a n c e d  p o i n t ,  w here  
maximum c o n c r e t e  an d  s t e e l  s t r e n g t h  i s  r e a c h e d  s i m u l t a n ­
e o u s l y ,  and  b e tw e e n  D and E , t h e  p r i m a r y  t e n s i o n  f a i l u r e  
r a n g e ,  t h e  f u l l  c o n c r e t e  s t r e n g t h  i s  o n l y  d e v e lo p e d  by  
c r a c k i n g  o f  t h e  c o n c r e t e  c a u s e d  b y  e x c e s s i v e  e l o n g a t i o n  o f  
t h e  t e n s i o n  s t e e l ,
Phe e x a c t  sh a p e  o f  t h e  c h a r a c t e r i s t i c  d e p e n d s
u p o n  th e  s t e e l  and  c o n c r e t e  s t r e s s - s t r a i n  r e l a t i o n s h i p s ,
t h e  p e r c e n t a g e  o f  l o n g i t u d i n a l  r e i n f o r c e m e n t  an d  i t s
d i s t r i b u t i o n  i n  t h e  s e c t i o n ,
70P a n n e l  show ed t h a t  a l t h o u g h  zone A t o  B i s  n e a r  
l i n e a r  when th e  r e i n f o r c e m e n t  i s  c o n c e n t r a t e d  a t  t h e  o u t e r  
f a c e s ,  a  n e a r  e l l i p t i c a l  r e l a t i o n s h i p  may e x i s t  when t h e  
r e i n f o r c e m e n t  i s  d i s t r i b u t e d  a c r o s s  t h e  d e p t h  o f  t h e  s e c t io n .
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I n c r e a s e  i n  s t e e l  p e r c e n t a g e  e x t e n d s  t h e  l e n g t h
o f  zone A t o  B a n d  r e d u c e s  t h e  ch an ge  i n  s l o p e  o f  t h e
c u rv e  f ro m  B t o  E , s e e  B ig  1 0 . 2 .  B y .a  s u f f i c i e n t l y  l a r g e
i n c r e a s e  i n  p r o p o r t i o n  o f  s t e e l ,  c o n c e n t r a t e d  a t  t h e  o u t e r
f a c e s ,  z o n e s  B t o  E c an  he  e l i m i n a t e d  t o  g i v e  a  n e a r  l i n e a r
r e l a t i o n s h i p  f ro m  a x i s  ( P o i n t  F) t o  a b s c i s s a  ( P o i n t  G ).
H ow ever, t o  d e v e lo p  t h e  f u l l  f l e x u r a l  s t r e n g t h  o f  t h e
c o n c r e t e  s e c t i o n  b y  t h i s  m eans n o r m a l ly  r e s u l t s  i n  a  s t e e l
p e r c e n t a g e  t o o  high, f o r  economy o r  p r a c t i c a l  u s e .
B e c a u se  o f  t h e  s m a l l  d e f l e c t i o n  w h ich  i s  p r e s e n t
a t  f a i l u r e ,  ev en  f o r  a x i a l l y  l o a d e d  c o lu m n s ,  t h e  l i n e  f ro m
t h e  o r i g i n  f o r  e = o ,  on  F ig  1 0 . 2 ,  d o e s  n o t  q u i t e  c o i n c i d e
w i t h  t h e  a x i s  f o r  th e  L -  50 c u r v e .  D e s ig n  g r a p h s  a r e
k
u s u a l l y  d raw n  f o r  co lu m n s  o f  up  t o  t h i s  s l e n d e r n e s s  r a t i o  
and  t h e  s m a l l  d e f l e c t i o n  i s  g e n e r a l l y  i g n o r e d ,  w i t h o u t  
r e a l  e r r o r .
As t h e  s l e n d e r n e s s  i s  i n c r e a s e d  t h e  e f f e c t  o f  t h e  
d e f l e c t i o n  a t  f a i l u r e ,  w h ich  i n c r e a s e s  i n  p r o p o r t i o n  w i t h
o
t h e  r a t i o  ( e q u a t i o n  7 * 1 8 ) ,  becom es p r o g r e s s i v e l y  more 
c
p ro n o u n c e d ,  and  t h e  e f f e c t  c a n n o t  be i g n o r e d  w i t h o u t
d e f i n i t e  e r r o r  ( s e e  g r a p h  f o r  L * 1 0 0 ) .
k
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( b )  E f f e c t  o f  p r e s t r e s s i n g *
O ver t h e  u p p e r  p a r t  o f  t h e  c h a r a c t e r i s t i c s ,  
c o r r e s p o n d i n g  to  zone  A-B o f  t h e  c u rv e  f o r  t h e  s i m i l a r  
n o n - p r e s t r e s s e d  c o lu m n , w here  t h e  w hole  s e c t i o n  was i n  
c o m p r e s s io n  a t  f a i l u r e ,  t h e  a d d i t i o n  o f  any  p r e s t r e s s  
a g g r a v a t e d  th e  f a i l u r e  c o n d i t i o n  t o  lo w e r  t h e  u l t i m a t e  
l o a d  and  moment c a p a c i t y .
T h u s ,  f o r  a  f i x e d  e c c e n t r i c i t y  o f  p r e s t r e s s ,  
t h e  g r e a t e r  t h e  m a g n i tu d e  o f  p r e s t r e s s  t h e  lo w e r  t h e  
u l t i m a t e  l o a d  and  moment.
H ow ever, a s  t h e  e c c e n t r i c i t y  o f  p r e s t r e s s  was 
i n c r e a s e d  b o t h  u l t i m a t e  l o a d  and  moment c a p a c i t y  w ere  
i n c r e a s e d  so  t h a t ,  a t  a  l o a d i n g  e c c e n t r i c i t y  o f  e = 1 ,
t 7
t h e  n o n - p r e s t r e s s e d  and t h e  m ost e c c e n t r i c a l l y  p r e s t r e s s e d
co lum ns e x h i b i t e d  c l o s e l y  s i m i l a r  u l t i m a t e  l o a d  a n d  moment,
P r e s t r e s s i n g  d e v e lo p e d  a  g r e a t e r  u l t i m a t e  moment
c a p a c i t y ,  com pared  w i t h  t h e  n o n - p r e s t r e s s e d  c a s e ,  t h i s  b e i n g
more p r o n o u n c e d  a s  t h e  e c c e n t r i c i t y  o f  l o a d i n g  was in c r e a s e d .
Thus f o r  l o a d i n g  e c c e n t r i c i t i e s  abov e  a b o u t  e * 2 ,  h i g h e r
t  7
u l t i m a t e  moments w ere  d e v e lo p e d  by  a l l  e c c e n t r i c i t i e s  and  
m a g n i tu d e s  o f  p r e s t r e s s .
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{Table 1 0 ,2  g i v e s  t h e  r a t i o  o f  t h e  t h e o r e t i c a l  
■ u ltim ate  moment f o r . p r e s t r e s s e d  t o  a  s i m i l a r  n o n - p r e s t r e s s e d  
c o lu m n , f o r  d i f f e r e n t  l o a d i n g  e c c e n t r i c i t i e s  and  d i f f e r e n t  
e c c e n t r i c i t i e s  and m a g n i tu d e s  o f  p r e s t r e s s *  Where t h e  r a t i o  
e x c e e d s  u n i t y ,  g r e a t e r  u l t i m a t e  moment c a p a c i t y  i s  a c h i e v e d  
by  p r e s t r e s s i n g .  W here , f o r  a  p a r t i c u l a r  s e t  o f  c o n d i t i o n s ,  
f i g u r e s  i n  t a b l e  1 0 .1  and  1 0 .2  b o t h  e x c e e d  u n i t y  t h e  
u l t i m a t e  l o a d  and moment a r e  b o t h  g r e a t e r  f o r  t h e  p r e ­
s t r e s s e d  co lu m n , co m p ared  w i t h  t h e  r e i n f o r c e d  c o n c r e t e  
co lum ns o f  e q u a l  s l e n d e r n e s s .
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TABLE 10> 2 . BATIO Off THEORETICAL ULTIMATE MOMENT Off
PRESTRESSED TO NON PRESTRESSED CONCRETE COLUMN
S e c t i o n  b x  t  a *+.0 x  3 . 5  i n c h e s .  
P e r c e n t a g e  o f  m i ld  s t e e l  r e i n f o r c e m e n t  a  1 ,4
J I
I n i t i a l  j s l e n d e r -  
p r e -  jn e s s  j 
s t r e s s i n g  f r a t i o , j
L o a d in g  e c c e n t r i c i t y  r a t i o : et
f o r c e ,
F :  t o n s .
i'  !
k 1
7
2
7
3
7
1*0 i
i
9 - 5
I
50 I 
100
.6 9  .7 8  ,91 
.75  .88  , 9k
. 8 4  .9 7  1 .1 9  
.83  1 .0 3  1 .1 7
.92  1 .1 4  1 .3 4  
1 .0 9  1 .3 5  1 .5 4
i f . 5 6 .1 . 9s: 
1.85  2.38  2 . 92!
1 3 .5
r  h i  i |  *
50
100
■
.62  .?k  .89 
.66 .80  .91
,7k , 9k 1,13  
.91 1 .0 1  1 .1 4
.8 4  1 .1 2  1 .3 5  
1.06  1 .2 7  1 .5 6
\
1.11 1.60  2*04j 
1 .7 5  2 .4 4  3.061
E c c e n t r i c i t y  a  
o f  p r e s t r e s s . t 0 i ' . i7 7
0 1 —7 7
1 2 0 - 1  £
7 7 j 0
1 2
7 7 j
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1 0 ,5  The n o n - d i m e n s i o n a l  i n t e r a c t i o n  d i a g r a m .
I n t e r a c t i o n  d i a g r a m s , s i m i l a r  to  P i g  1 0 . 2 ,
p r o v i d e  a  c o n v e n i e n t  m eans o f  show ing  t h e  lo ad -m o m en t
r e l a t i o n s h i p  f o r  a  s p e c i f i c  s l e n d e r n e s s  r a t i o ,  c r o s s
s e c t i o n ,  p e r c e n t a g e  r e i n f o r c e m e n t  a n d  c o n c r e t e  s t r e n g t h .
4  13I n  193S Thomas ’ i n t r o d u c e d  t h i s  ty p e  o f
d ia g r a m  f o r  r e i n f o r c e d  c o n c r e t e  c o lu m n s ,  and  t h i s  m ethod
n
o f  p r e s e n t a t i o n  was s u b s e q u e n t l y  s t u d i e d  by  v /h i tn e y '  and  
5H o g n e s ta d ^  who r e l a t e d  t h e  l o a d  a n d  moment f u n c t i o n s  m  
n o n - d i m e n s i o n a l  fo rm .
5
I t  was i io g n e s ta d  who p o i n t e d  o u t  t h a t  t h e  
c la im e d  s t r a i g h t  l i n e  f o r  W h i tn e y ’ s e q u a t i o n  f o r  
c o m p r e s s io n  f a i l u r e  o f  r e c t a n g u l a r  s e c t i o n s  ( e q u a t i o n  1 . 7 )  
was t r u e ,  o n ly  when t h e  r a t i o  o f  d i s t a n c e  b e tw e e n  c e n t r e s  
o f  c o m p r e s s io n  and  t e n s i o n  s t e e l  t o  t h e  e f f e c t i v e  d e p t h  
was e q u a l  t o  .535»  H ow ever, I io g n e s ta d  a l s o  show ed t h a t  
f o r  m o st  p r a c t i c a l  c a s e s  o f  r e c t a n g u l a r  r e i n f o r c e d  c o n c r e t e  
s e c t i o n ,  f a i l i n g  b y  c o m p r e s s io n ,  a  s t r a i g h t  l i n e  i n t e r ­
a c t i o n  d ia g r a m  was s a t i s f a c t o r y .
5I io g n e s ta d ^  d i v i d e d  t h e  l o a d  s c a l e  by  t h e  h y p o t h e t i c a l  
s h o r t  co lum n u l t i m a t e  s t r e n g t h  i n  p u r e  c o m p r e s s io n  
( e q u a t i o n  1 . 3 )  and  t h e  moment s c a l e  by  t h e  u l t i m a t e  moment 
i n  p u r e  b e n d in g  f o r  a  ’b a l a n c e d 1 s e c t i o n ,  M • T h is  
e f f e c t i v e l y  i n c o r p o r a t e d  on one d ia g r a m  v a r i o u s  c o n c r e t e  
s t r e n g t h s  and  p e r c e n t a g e s  o f  r e i n f o r c e m e n t .  M was d e f i n e d
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a s  t h e  moment o f  a l l  i n t e r n a l  c o m p r e s s iv e  f o r c e s  a b o u t  
t h e  c e n t r o i d  o f  t h e  t e n s i o n  s t e e l  f o r  a  b a l a n c e d  s e c t i o n *  
Thus t h e  s t r a i g h t  l i n e  lo ad -m o m en t r e l a t i o n s h i p
w a s : -
\  + \  = 1 . . . .  1 0 .2
Po !vi0
A s i m i l a r  fo rm  o f  e q u a t i o n  may be u s e d  f o r  p r e ­
s t r e s s e d  c o n c r e t e  co lum ns by  t r e a t i n g  t h e  r e s i d u a l  p r e ­
s t r e s s i n g  f o r c e ,  F , a s  a n  e x t e r n a l  f o r c e ,  a t  f i x e d  p o s i t i o n  
f ro m  t h e  co lum n c e n t r e ,  a ,  an d  e l i m i n a t i n g  i t s  e f f e c t  f ro m  
t h e  l o a d  an d  moment s c a l e s . Thus
P + F P e -  F a  . __ u  r  + u  - r  * 1 . . . .  1 0 .3
P Mo o
F ig  1 0 .3  sh o w s, i n  n o n - d i m e n s i o n a l  f o rm ,  t h e  
t h e o r e t i c a l  c u rv e  f o r  t h e  c r o s s  s e c t i o n  an d  p e r c e n t a g e  o f  
m i ld  s t e e l  r e i n f o r c e m e n t  u s e d  by  t h e  a u t h o r  on w h ic h  h a s  
b e e n  s u p e r im p o s e d  a l l  t h e  e x p e r i m e n t a l  r e s u l t s .  Thus a l l  
v a l u e s  o f  s l e n d e r n e s s ,  l o a d i n g  e c c e n t r i c i t i e s ,  m a g n i tu d e s  
and  e c c e n t r i c i t i e s  o f  p r e s t r e s s  a n d  beam s a r e  a l l  i n c l u d e d  
on t h e  s i n g l e  c h a r t .
The v a lu e  f o r  M u s e d  by  t h e  a u t h o r  was t h eo *
W h itn ey  l i m i t i n g ,  v a l u e  f o r  c o m p r e s s iv e  f a i l u r e  i n  f l e x u r e ,
H n II m,. ------
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e q u a t i o n  1 . 6 ,  u s i n g  a  maximum c o n c r e t e  s t r e n g t h  e q u a l  t o  
85 p e r  c e n t  o f  t h e  c y l i n d e r  c r u s h i n g  s t r e n g t h .
The n o n - d i m e n s i o n a l  d i a g r a m ,  F i g  1 0 ,5 ?  c l e a r l y  
shows t h a t  t h e  e f f e c t  o f  p r e s t r e s s i n g  on  a  co lum n i s  t o  
r e d u c e  u l t i m a t e  l o a d  c a p a c i t y  by  an  am ount e q u a l  t o  t h e  
r e s i d u a l  p r e s t r e s s i n g  f o r c e ,  and a t  t h e  same t im e  t o  
i n c r e a s e  t h e  u l t i m a t e  moment b y  t h e  p r o d u c t  o f  t h i s  f o r c e  
a n d  i t s  e c c e n t r i c i t y .  Thus t h e  g r e a t e s t  i n c r e a s e  i n  moment 
c a p a c i t y  i s  o b t a i n e d  b y  a p p l y i n g  th e  p r e s t r e s s i n g  f o r c e  a t  
t h e  maximum p o s s i b l e  e c c e n t r i c i t y .
The l o a d  moment r e l a t i o n s h i p  f o r  a  s p e c i f i c  co lum n 
i s  h o w e v e r ,  n o t  d i r e c t l y  g i v e n  b y  F ig  1 0 .3  > w o u ld  be  t h e  
c a s e  f o r  s h o r t  r e i n f o r c e d  c o n c r e t e  c o lu m n s ,  s i n c e  t h e  
r e s i d u a l  p r e s t r e s s  and  t h e  l o a d  e c c e n t r i c i t y  e (w h e re  e =*
Mu an d  e i n c l u d e s  t h e  d e f l e c t i o n s  due t o  c u r v a t u r e  f ro m
P
l e a d i n g  and  p r e s t r e s s  a s  w e l l  a s  t h e  en d  e c c e n t r i c i t y ,  
e q u a t i o n  7*11 )  a r e  b o t h  r e l a t e d  t o  t h e  n e u t r a l  a x i s  d e p t h  
and p a r t  o f  t h e  ' e r t e r m  i s  a l s o  r e l a t e d  t o  t h e  co lum n 
l e n g t h .
The a u t h o r  c o n s i d e r s  t h e  d e s i g n  o f  p r e s t r e s s e d  
co lum ns may b e  r e a d i l y  c a r r i e d  o u t  by  a p p l i c a t i o n  o f  t h e  
g e n e r a l  e q u a t i o n s  8 .1  t o  8 . 7  i n c l u s i v e ,  b y  s u c c e s s i v e  
a p p r o x i m a t i o n s ,  o r ,  f o r  a  p a r t i c u l a r  d e p t h  o f  s e c t i o n ,  b y  
a  g r a p h i c a l  a p p ro a c h  s i m i l a r  t o  F ig  8 * 1 . Where a  p a r t i ­
c u l a r  t y p e  o f  p r e s t r e s s i n g  s t e e l  and  g r a d e  o f  c o n c r e t e
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w ou ld  be g e n e r a l l y  a d o p t e d ,  a s  m ig h t  be t h e  c a s e  w i t h  some 
p r e c a s t  c o n c r e t e  m a n u f a c t u r e r s ,  t h e  p r e p a r a t i o n  o f  i n t e r ­
a c t i o n  d ia g r a m s  f o r  d i f f e r e n t  c r o s s  s e c t i o n s ,  s i m i l a r  t o  
t h e  t y p i c a l  i n t e r a c t i o n  c u rv e  g i v e n  b y  F ig  1 0 * 4 ,  c o u ld  
be  a d v a n t a g e o u s .
rf h e  f i n e  l i n e s ,  s u p e r im p o s e d  on F ig  10*4  a r e  t h e  
c u r v e s  f o r  o n e ,  two and  t h r e e  p e r  c e n t  o f  m i ld  s t e e l  
’ t e n s i o n ’ r e i n f o r c e m e n t ,  f o r  c o m p a r is o n  w i t h  c u r v e s  f o r  
s i m i l a r  p e r c e n t a g e s  o f  p r e s t r e s s i n g  s t e e l *  F o r  t h e  p a r t i ­
c u l a r  co lum n p r o p e r t i e s  c h o s e n ,  and  a t  any  l o a d i n g  
e c c e n t r i c i t y  above  one t e n t h  o f  t h e  s e c t i o n  d e p t h ,  t h a t  
i s  ab ove  t h e  minimum e c c e n t r i c i t y  f o r  w h ic h  any  co lum n
s h o u ld  be d e s i g n e d ,  e v en  t h o s e  w i t h  n o m in a l  a x i a l  l o a d i n g ,
23u n d e r  t h e  r e c o m m e n d a t io n  o f  t h e  A m e ric a n  Code o f  P r a c t i c e  , 
b o t h  t h e  u l t i m a t e  l o a d  and  c o r r e s p o n d i n g  u l t i m a t e  moment 
w ere  g r e a t e r  w i t h  one p e r  c e n t  o f  p r e s t r e s s i n g  s t e e l  t h a n  
f o r  o n e ,  two o r  t h r e e  p e r  c e n t  o f  m i l d  s t e e l  r e i n f o r c e m e n t *  
I n c r e a .s e  i n  p r e s t r e s s i n g  f o r c e  r e s u l t e d  i n  
l a r g e r  moment c a p a c i t y  a n d ,  f o r  t h e  h i g h e r  l o a d i n g  
e c c e n t r i c i t i e s ,  a l s o  g r e a t e r  c o r r e s p o n d i n g  u l t i m a t e  lo ad *
T Y P I C A L  I N T E R A C T I O N  D I A G R A M .
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10»6 G e n e r a l l y  r e l a t e d  f a c t o r s .
( a )  S u s t a i n e d  lo a d in g *
67V i e s t ,  E l s t n e r  and  H o g n e s ta d  ' c a r r i e d  o u t  
s u s t a i n e d  l o a d i n g  t e s t s  on e c c e n t r i c a l l y  l o a d e d  
r e i n f o r c e d  c o n c r e t e  c o lu m n s ,  w i t h  l o a d i n g  f ro m  82 t o  
95 p e r  c e n t  o f  t h e  u l t i m a t e  r a p i d l y  a p p l i e d  l o a d ,  
and  fo u n d  t h a t  t h e r e  was a p p a r e n t l y  a  c o n c r e t e  
c o m p r e s s iv e  s t r a i n  l i m i t  w h ic h ,  i f  t h e  r a p i d l y  a p p l i e d  
l o a d  p r o d u c in g  t h i s  s t r a i n  was s u s t a i n e d ,  i n c r e a s e d  
due  t o  c r e e p  u n t i l  f a i l u r e  o c c u r r e d .
The lo w e s t  i n i t i a l  s u r f a c e  s t r a i n  v a l u e ,  
f ro m  t h e  s i x  t e s t s ,  when f a i l u r e  e n s u e d ,  was 178 x  10 ,
and  t h e  c o r r e s p o n d i n g  a v e r a g e  u l t i m a t e  s t r a i n  d e v e lo p e d  
was Su = 760 x  10~5 com pared  w ith . 520 x  10~^ u n d e r  
r a p i d  l o a d i n g .
F o r  tw e lv e  c o m p an io n  t e s t s ,  w here  i n i t i a l  
s t r a i n s  w e re  f ro m  14-1 t o  217 x  10 , w i t h  an  a v e r a g e
v a l u e  o f  188 x  10 , no f a i l u r e  o c c u r r e d  w i t h  t h e
l o a d i n g  s u s t a i n e d  f o r  o v e r  one y e a r .
The p r e d i c t i o n  o f  a  .maximum l o a d i n g  w h ich  
c a n  he  s u s t a i n e d  i n d e f i n i t e l y  may he  b a s e d  e i t h e r  
on a  l i m i t i n g  v a lu e  f o r  c o m p r e s s iv e  c o n c r e t e  s t r a i n  
u n d e r  r a p i d  l o a d i n g  o r  t h e  u l t i m a t e  s t r a i n  a t  
f a i l u r e  u n d e r  s u s t a i n e d  l o a d i n g .
67V i e s t ,  E l s t n e r  and  H o g n e s ta d  ' a l s o  
e s t a b l i s h e d  t h a t  r e g a r d l e s s  o f  c o n c r e t e  s t r e n g t h  o r  
e c c e n t r i c i t y  o f  l o a d i n g ,  a b o u t  90 p e r  c e n t  o f  t h e  
r a p i d  l o a d i n g  s t r e n g t h  c a n  be  s u s t a i n e d  i n d e f i n i t e l y
F o r  t h e  a u t h o r ' s  a n a l y s i s ,  w i t h  a
cp r o p o s e d  c r i t i c a l  s t r a i n  c r i t e r i o n  o f  c^ = 180 x  10 
a n d  o t h e r  p a r a m e t e r s  s e l e c t e d  to  g i v e  c o n s e r v a t i v e  
v a l u e s  f o r  u l t i m a t e  l o a d  o b t a i n e d  f ro m  r a p i d  l o a d i n g  
t e s t s ,  t h e  s u s t a i n e d  l o a d  c a p a c i t y  c o u ld  s a f e l y  be  
t a k e n  a s  .9  o f  t h e  c a l c u l a t e d  v a l u e .
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However t h e  p r e d i c t i o n  o f  s u s t a i n e d  l o a d i n g  t o
o v e r  n i n e t y  p e r  c e n t  a c c u r a c y  i s  w e l l  w i t h i n  t h e  l i m i t s  o f
p r a c t i c a l  d e s i g n  a s s u m p t io n s  and  t h e  a u t h o r  c o n s i d e r s  i t
s u f f i c i e n t  t o  assum e t h e  g e n e r a l  u s e  o f  t h e  c a l c u l a t e d  v a lu e
f o r  t h e  s u s t a i n e d  s t r e n g t h  and  make a l lo w a n c e  f o r  any
s p e c i a l  c a s e s  o f  l o a d i n g  by  i n c r e a s i n g  t h e  l o a d  f a c t o r *
( h )  E f f e c t  o f  f i x i t y *
A co lum n f o r m in g  a n  i n t e g r a l  p a r t  o f  a  f ra m e  i s
s u b j e c t e d  t o  a  moment* M, and a  l o a d ,  W. The moment i n  t h e
co lum n i s  a p p r o x i m a t e l y  o b t a i n e d  b y  p r o p o r t i o n i n g  t h e  t o t a l
moment b e tw e e n  t h e  m em bers , a c c o r d i n g  t o  t h e i r  r e l a t i v e
s t i f f n e s s e s ,  e i t h e r  by  u s i n g  f a c t o r s  g i v e n  b y  u s i n g  C odes 
21o f  p r a c t i c e  o r  b y  m e th o d s  o f  H ardy  C r o s s .
The m e a s u re  l o a d  e c c e n t r i c i t y  a b o u t  t h e  g e o m e t r i c  
c e n t r e  o f  t h e  co lu m n , e ,  i s  t h e  s u n  o f  t h e  t r u e  e c c e n t r i c i t y
o f  t h e  l o a d  f ro m  t h e  c e n t r e  o f  r e s i s t a n c e  o f  t h e  s e c t i o n ,
Me Q * ~  , t h e  d i s t a n c e  b e tw e e n  t h e  g e o m e t r i c  c e n t r e  a n d  t h e  
c e n t r e  o f  r e s i s t a n c e  o f  t h e  s e c t i o n ,  y ,  a n d  t h e  d e f l e c t i o n  
due  t o  l o a d i n g .
The d e f l e c t i o n  due t o  l o a d i n g  f o r  t h e  p i n  en d ed  
c o n d i t i o n ,  e q u a t i o n  7 * 1 8 ,  i s  r e d u c e d  b y  any  f i x i t y  and  m ig h t ,  
t h e r e f o r e ,  be  s a f e l y  u s e d  f o r  c o lu m n s  w i t h  r e s t r a i n t ,  t o  
p r o d u c e  a  c o n s e r v a t i v e  e s t i m a t e  f o r  t h e  u l t i m a t e  l o a d .
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The s u b s t i t u t i o n  o f  t h e  e f f e c t i v e  l e n g t h  i n  e q u a t i o n  7»18
f o r  p a r t i c u l a r  end. c o n d i t i o n s ,  a s  g i v e n  i n  Codes o f  
21P r a c t i c e  m ig h t  be a  p r e f e r r e d  a l t e r n a t i v e .
The r e l a t i o n s h i p  b e tw e e n  u l t i m a t e  l o a d  and  moment 
f o r  co lum ns w i t h  f i x i t y  may be d e d u c e d  b y  t h e  same a n a l y s i s  
p r o p o s e d  f o r  p i n  e n d e d  c o lu m n s ,  b u t  w i t h  t h e  moment o f  t h e  
l o a d i n g  t a k e n  a b o u t  t h e  c e n t r e  o f  r e s i s t a n c e  o f  t h e  s e c t i o n .
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CHAPTER 11.
CONCLUSIONS,
1 1 .1  G e n e r a l  summary o f  i n v e s t i g a t i o n .
The i n v e s t i g a t i o n  was u n d e r t a k e n  w i t h  t h e  o b j e c t  
o f  s t u d y i n g  t h e  b e h a v i o u r  o f  p r e s t r e s s e d  c o n c r e t e  members 
u n d e r  com bined  d i r e c t  e x t e r n a l  l o a d i n g  and  moment.
77 s i m i l a r  t e s t  “s p e c im e n s  w ere  m a n u f a c tu r e d  by  
t h e  a u t h o r  v a r y i n g  o n ly  i n  l e n g t h ,  m a g n i tu d e  and  p o s i t i o n  
o f  t h e  p r e s t r e s s .  65 o f  t h e s e  s p e c im e n s  w ere  t e s t e d  t o  
f a i l u r e  a s  co lum ns w i t h  t h e  k n i f e  ed g e  l o a d i n g  a p p l i e d  a t  
v a r i o u s  e c c e n t r i c i t i e s ,  e i g h t  w ere  t e s t e d  a s  beam s a n d  f o u r  
a s  f l a t  en d ed  c o lu m n s .
The s e v e r a l  m a g n i tu d e s  o f  p r e s t r e s s  i n v e s t i g a t e d  
g av e  an  e q u i v a l e n t  u n i f o r m  i n s t a n t a n e o u s  c o n c r e t e  s t r e s s  o f  
up t o  2200 l b / s q . i n c h ,  f o r  a  c e n t r a l l y  a p p l i e d  p r e s t r e s s ,  
and  a p p r o x i m a t e l y  t h e  same a v e r a g e  p r e s t r e s s  was u s e d  a t  
p o s i t i o n s  b e tw e e n  t h e  c e n t r e  and t h e  o u t e r  f a c e  o f  th e  
s p e c im e n s .
A l l  l o a d i n g  t e s t s  w ere  o f  s h o r t  d u r a t i o n ,  t h e  
t o t a l  t im e  f ro m  t h e  f i r s t  t o  l a s t  i n c r e m e n t  o f  l o a d i n g  d i d  
n o t  e x c e e d  one h o u r ,  w i t h  l e s s  t h a n  15  m in u te s  u n d e r  l o a d i n g  
i n  e x c e s s  o f  e i g h t y  p e r  c e n t  o f  t h e  u l t i m a t e  l o a d .
U n i f o r m i t y  o f  c o n c r e t e  s t r e n g t h  was c h e c k e d  by  
f o u r  i n c h  c o n c r e t e  c o n t r o l  c u b e s  w i t h  a  t a r g e t  s t r e n g t h  o f  
6000 l b / s q . i n c h .  The a v e r a g e  s t r e n g t h  o f  t h e  308 c o n t r o l  
c u b e s  was 5840 l b / s q . i n c h  w i t h  a  s t a n d a r d  d e v i a t i o n  f ro m  
t h i s  mean o f  404  l b / s q . i n c h .
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11>2 D a ta  d e r i v e d  f ro m  a s t u d y  o f  t h e  e x p e r i m e n t a l  r e s u l t s .
A c r i t i c a l  c o n c r e t e  c o n p r e s s i v e  s t r a i n  o f  
8 C * 180 x  10~5 r e p r e s e n t s  a  r e l i a b l e  c r i t e r i o n  f o r  
i n c i p i e n t  f a i l u r e  o f  c o n c r e t e  o f  t h e  q u a l i t y  u s e d  b y  t h e  
a u t h o r  i n  p r e s t r e s s e d  co lum ns s u b j e c t  t o  com bined  d i r e c t  
l o a d i n g  and b e n d in g ,  a s  w e l l  a s  f o r  t h e  h y p o t h e t i c a l  p u r e  
a x i a l l y  lo a d e d  co lum n and  members i n  p u r e  f l e x u r e .
F o r  h i g h  s t r e n g t h  c o n c r e t e ,  o f  t h e  q u a l i t y  u s e d  
f o r  p r e s t r e s s e d  m em bers , t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  i s  
r e a s o n a b l y  d e f i n e d  by  a  p a r a b o l a  w i t h  a  p e a k  v a l u e  c o r r e s ­
p o n d in g  t o  t h e  c r i t i c a l  s t r a i n  and  e q u a l  t o  85 p e r  c e n t  
o f  t h e  c y l i n d e r  c r u s h i n g  s t r e n g t h .
The d i s t r i b u t i o n  o f  s t r a i n s  i m p a r t e d  t o  t h e  
c o n c r e t e  b y  t h e  r e l e a s e  o f  t h e  p r e s t r e s s  and  o f  t h e  s t r a i n s  
f ro m  t h e  e x t e r n a l  l o a d i n g  i s  s e n s i b l y  l i n e a r .
The d e f l e c t e d  fo rm  f o r  a  p i n  ended  co lum n o f  
l e n g t h  L , a t  u l t i m a t e  l o a d ,  i s  s a t i s f a c t o r i l y  g i v e n  by  t h e  
e q u a t i o n : -
*4 = e o  -  -  2 !  ( s !  -  2 s b
4  ^  1,2 2 l 2
w h ere  x  i s  t h e  d i s t a n c e  f ro m  m i d - h e i g h t  t o  a  p o i n t  w h e re  t h e
d e f l e c t i o n  e ^  i s  m e a su re d  and  e i s  t h e  m i d - h e i g h t  d e f l e c t i o n .
The maximum m i d - h e i g h t  d e f l e c t i o n ,  e ,  t h e  n e u t r a l
a x i s  d e p t h ,  c ,  t h e  c r i t i c a l  s t r a i n  and  t h e  co lum n l e n g t h
a r e  r e l a t e d  by  t h e  e x p r e s s i o n : -
p 8 „ l2 e « c
15c
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1 1 ,5  C o m p ariso n  o f  c a l c u l a t e d  and  e x p e r i m e n t a l  d a t a .
Two e q u i l i b r i u m  e q u a t i o n s  and a  c o m p a t i b i l i t y  
c o n d i t i o n ,  i n c o r p o r a t i n g  t h e  c r i t i c a l  s t r a i n  c r i t e r i o n ,  
w ere  fo u n d  t o  p r o v i d e  a  g e n e r a l  m ethod  o f  a n a l y s i s  a n d  w ere  
u s e d  t o  e s t i m a t e  t h e  u l t i m a t e  lo a d s  o f  227 c o n c r e t e  c o lu m n s ,  
t h e  u l t i m a t e  moments o f  68 co lum ns w h ich  w ere  p r e s t r e s s e d ,  
and  t h e  u l t i m a t e  moments o f  e i g h t  p r e s t r e s s e d  c o n c r e t e  beams.
The assum ed  v a l u e  f o r  c r i t i c a l  s t r a i n  was 
p r i m a r i l y  i n t e n d e d  f o r  u s e  w i t h  co lu m ns c o n s t r u c t e d  w i t h  
c o n c r e t e  o f  h i g h  s t r e n g t h  and  low  p e r c e n t a g e s  o f  m i l d  s t e e l  
r e i n f o r c e m e n t ,  t h a t  i s  f o r  t h e  l i k e l y  c o n d i t i o n s  i n  p r a c t i ­
c a l  p r e s t r e s s e d  c o n c r e t e  w o rk . H ow ever, i t  was f o u n d  t h a t  
t h e  same f a c t o r s ,  u s e d  i n  t h e  g e n e r a l  a n a l y s i s ,  gave  good  
r e s u l t s  f o r  a  w id e  r a n g e  o f  v a r i a b l e s  and  t h e  com pared  t e s t  
d a t a ,  b y  o t h e r  i n v e s t i g a t o r s ,  c o v e r e d  t h e  f o l l o w i n g
( a )  C r o s s  s e c t i o n s  o f  f ro m  3 t o  20 i n c h e s  s q u a r e .
( b )  Column l e n g t h s  f ro m  12 t o  260 i n c h e s  l o n g .
( c )  R a t i o  o f  end  e c c e n t r i c i t y  o f  l o a d i n g  t o  t h e  d e p t h  
o f  t h e  sp e c im e n  f ro m  z e r o  t o  1 .2 3 *
( d )  M i ld  s t e e l  r e i n f o r c e m e n t  f ro m  0 . 6  t o  3*0 p e r  c e n t  
o f  t h e  g r o s s  c o n c r e t e  a r e a .
( e )  C o n c r e te  q u a l i t i e s  o f  c y l i n d e r  c r u s h i n g  s t r e n g t h s  
r a n g i n g  from  1770 t o  8300  l b / s q . i n c h .
The a v e r a g e  r a t i o  o f  t h e  t e s t  t o  c a l c u l a t e d  
u l t i m a t e  l o a d i n g ,  f o r  227 sp e c im e n s  w i t h  t h e  abo v e  v a r i a b l e s ,  
was = 1*01 w i t h  a  s t a n d a r d  d e v i a t i o n  o f  . 0 9 *
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P o r  t h e  a u t h o r ' s  65 p r e s t r e s s e d  co lum n t e s t s  t h e
t ? ^ i i G s i j  ^a v e r a g e  r a t i o  o f  u^  ^ « 1*0$ w i t h  a  s t a n d a r d  d e v i a t i o n
o f  ,0 6  and  t h e  a v e r a g e  r a t i o  o f  u l t i m a t e  moments 
M u t e s t )  = 1>Q6>
Mu C c aIc 7
The r a t i o  o f  moments f o r  t h e  e i g h t  beam s t e s t e d  
v/as 1*09 w i t h  a  s t a n d a r d  d e v i a t i o n  o f  *10.
The c a l c u l a t e d  r e s i d u a l  p r e s t r e s s i n g  f o r c e  and  
th e  d e p t h  o f  n e u t r a l  a x i s ,  o b t a i n e d  f ro m  t h e  e q u a t i o n s ,  
w ere  a l s o  fo u n d  t o  a g r e e  c l o s e l y  w i t h  t h e  c o r r e s p o n d i n g  
v a l u e s  o b t a i n e d  f ro m  s t r a i n s  m e a su re d  d u r i n g  t h e  t e s t s .  
C a l c u l a t e d  u l t i m a t e  l o a d s  and  moments f o l l o w e d  t h e  i n t e n d e d  
p a t t e r n  o f  g i v i n g  a c o n s e r v a t i v e  e s t i m a t e  o f  t h e  e x p e r i ­
m e n ta l  r e s u l t s ,  r a t h e r  t h a n  an a v e r a g e  e s t i m a t e ,  and  t h e  
good  a g re e m e n t  f o r  t h e  many t e s t s  on  c o lu m n s ,  w i t h  w i d e ly  
d i f f e r e n t  p r o p e r t i e s ,  i n d i c a t e s  t h e  g e n e r a l  a p p l i c a b i l i t y  
o f  t h e  e q u a t i o n s  a n d  t h e  s a t i s f a c t o r y  n a t u r e  o f  t h e  b a s i c  
a s s u m p t io n s .
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1 1 .4  M ethods o f  a n a l y s i s  and  p r e s e n t a t i o n  o f  c h a r a c t e r i s t i c s  
The s o l u t i o n  o f  t h e  b a s i c  e q u a t i o n s  by  s u c c e s s i v e  
a p p r o x i m a t i o n  m e th o d s ,  i s  a  s im p le  and g e n e r a l l y  a p p l i c a b l e  
p r o c e d u r e .  H ow ever, f o r  a  p a r t i c u l a r  c r o s s  s e c t i o n a l  d e p t h ,  
a  g r a p h i c a l  s o l u t i o n  i s  p o s s i b l e  end  was d e v e lo p e d  f o r  r a p i d  
a n a l y s i s  o f  t h e  a u t h o r ' s  t e s t s .  A s e r i e s  o f  s i m i l a r  c h a r t s ,  
f o r  d i f f e r e n t  d e p t h s  o f  s e c t i o n ,  c o u ld  fo rm  a  r e a d y  m eans 
o f  o f f i c e  d e s i g n ,
5*o r  n o m in a l  a x i a l l y  lo a d e d  c e n t r a l l y  p r e s t r e s s e d  
co lum ns an  a p p ro x im a te  s o l u t i o n  f o r  t h e  u l t i m a t e  l o a d  
c a p a c i t y  was o b t a i n e d  b y  m u l t i p l y i n g  t h e  " s h o r t ” colum n 
s t r e n g t h ,  P , by  t h e  r e d u c t i o n  f a c t o r  f o r  s l e n d e r n e s s ,  and  
d e d u c t i n g  t h e  a p p r o x im a te  r e s i d u a l  p r e s t r e s s i n g  f o r c e .
The r e s i d u a l  f o r c e  b e in g  t a k e n  a s  t h e  i n i t i a l  t e n d o n  f o r c e  
m in us  t h e  f o r c e  l o s s  e q u i v a l e n t  t o  a  s t r a i n  ch an g e  o f  
164 x  1 0 -5  f o r  p r e t e n s i o n e d  o r  144- x  1 0 "^  f o r  p o s t  
t e n s i o n i n g  c o lu m n s .
I t  was shov/n t h a t  load -m om en t r e l a t i o n s h i p  c o u ld  
b e  e x p r e s s e d  on  a  n o n - d i m e n s i o n a l  i n t e r a c t i o n  d ia g r a m  b u t  
t h a t  s u c h  a  d ia g ra m  was n o t  r e a d i l y  s o l u b l e  a s  t h e  r e s i d u a l  
p r e s t r e s s i n g  f o r c e  and  t h e  m i d - h e i g h t  d e f l e c t i o n  r e q u i r e d  
t h e  n e u t r a l  a x i s  d e p t h  t o  be known.
When c e r t a i n  p r o p e r t i e s  s u c h  a s  t h e  c o n c r e t e  
s t r e n g t h ,  q u a l i t y  a n d  p o s i t i o n  o f  p r e s t r e s s i n g  s t e e l  and  
t h e  co lum n l e n g t h  a r e  f i x e d ,  a  s e r i e s  o f  lo ad -m o m en t
1 9 6
c h a r a c t e r i s t i c s ,  f o r  d i f f e r e n t  co lum n c r o s s  s e c t i o n s ,  o f f e r s  
a  s a t i s f a c t o r y  and  r a p i d  o f f i c e  d e s i g n  m ethod  and  may h e  
u s e d  t o  show t h e  d i s t i n c t  a d v a n t a g e s  o b t a i n e d  f ro m  p r e ­
s t r e s s i n g *  F i g  1 0 .4  shows t h i s  f o r  a  t y p i c a l  p r a c t i c a l  
co lum n s e c t i o n  w h e re  l e s s  t h a n  one p e r  c e n t  o f  p r e s t r e s s i n g  
s t e e l  d e v e l o p s  b o t h  g r e a t e r  u l t i m a t e  l o a d  c a p a c i t y  and  
u l t i m a t e  m om ent, co m pared  w i th  t h e  same s e c t i o n  w i t h  o v e r  
t h r e e  p e r  c e n t  o f  m i l d  s t e e l  r e i n f o r c e m e n t .
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1 1 .5  C o n c lu d in g  r e m a r k s .
T h is  r e s e a r c h  i s  t h o u g h t  t o  be t h e  o n ly  s t u d y  o f  
p r e s t r e s s e d  c o n c r e t e  co lum ns c a r r i e d  o u t  t o  d a t e .
I t  i s  u n d e r s t o o d  h o w ev er  t h a t  a  l a r g e  s c a l e  
i n v e s t i g a t i o n  i s  so o n  t o  be u n d e r t a k e n  on t h i s  s u b j e c t ,  
by  t h e  Cement and  C o n c r e te  A s s o c i a t i o n  R e s e a r c h  L a b o r a t o r i e s  
a t  Wexham S p r i n g s .
P r i v a t e  c o m m u n ic a t io n s  b e tw e e n  t h e  a u t h o r  and  
c o n s u l t i n g  e n g i n e e r s  i n  A m erica  h a v e  c o n f i r m e d  t h a t  t h e  
u s e  o f  p r e t e n s i o n e d  a n d  p o s t - t e n s i o n e d  co lum ns i n  t h e  
l i f t  s l a b  and  o t h e r  i n d u s t r i e s  i s  p r o v in g  e c o n o m ic a l ly  
a d v a n t a g e o u s ,  and  t h a t  a t  p r e s e n t  d e v e lo p m e n t  i s  r e s t r i c t e d  
b e c a u s e  no e x p e r i m e n t a l  i n f o r m a t i o n  i s  a v a i l a b l e .
The a u t h o r  b e l i e v e s  t h i s  w ork  to  be  d e s i r a b l e  t o  
f i l l  a  g ap  i n  a c a d e m ic  s t u d i e s  and a l s o  n e c e s s a r y  t o  
f a c i l i t a t e  t h e  i n c r e a s e d  u s e  o f  p r e s t r e s s e d  c o n c r e t e  
co lum ns i n  p r a c t i c e .
L / K  RATIO & SERIES N e. 12 12
ECCENTRICITY OF PRESTRESTRESS a i n e h e s 00 0*0
ECC.OF LOADING AT ENDS e , FLAT END S 0-0 0*5 1*0 1*5 0*0 _
COLUMN No. 1A IB 1C 1 0 1 11 21 31 1 3 5 7 11
INITIAL PRESTRESSING FORCE F t o n s 0-0 0 0 0*0 0*0 0*0 0*0 0*0 0*0 0*0 5*5 9*5 13-5 0*0
ULTIMATE LOAD Pu t o n s 26*6 m 26*3 24*8 28*6 20*0 140 9*3 266 25*518*9 178 18*5
SHRINKAGE, 
ELASTIC It
CREEP STRAIN
: ; 6 r " _ _ _ _ _ _
DAYSA7 DAYS
AT MID
HEIGHT
x l Q " 5
FACE
A
1 -2  £1 13 u 13 13 16 12 14 14 16 14 9 10 16
2 -3  £2 0 0 0 0 0 0 0 0 0 15 50 67 0
3-4  £3 0 0 0 0 0 0 0 0 2 10 13 20 2
1 - 4  £4 13 14 13 13 16 12 14 14 18 39 72 97 18
B
1 -5  £ 5 13 14 13 13 16 12 14 1-4 16 14 9 10 16
5 -6  C 6 0 0 0 0 0 0 0 0 0 15 50 67 0
6 -7  £7 0 0 0 0 0 0 0 0 2 10 13 20 2
1 -7  £ g 13 14 13 13 16 12 14 14 18 39 72 97 18
LOADING ONLY 
a g e  2 8  d a y s
A C 5 189 179 146 193 175 176 180 180 212 160 142 131 170
0 £ l O 180 149 76 140 90 -17 -8 0 -196 70 70 *16 - 2 -24
DEFLECTIONS
i n c h e s
■ V
BEFORE LOAD m  ea 0 0 0 0 0 0 0 0 0 0 0 0 0
LOADING ONLY e 3 '03 •03 *02 •04 0 *03 - 0 2 *02 *07 *04 •08 •09 •10
TOTAL AT Po e,+e2+ej= e *03 *03 •02 •04 0 *53 102 1-52 •07 •04 •08 •09 •60
TOTAL STRAIN 
AT MID HEIGHT 
x  I 0 " 5
' f  ' - L. ■ '
MAXIMUM £ * £ , = £ c « 202 193 159 208 191 188 194 194 230 199 214 228 188
MINIMUM 193 163 89 155 106 5 - 6 6 -182 88 109 56 95 - 6
AT BAR £11 - - - - - - 157 134 162
AT M.S. A’ £ |2 200 189 - 179 14 8 143 154 208 187 190 210 160
AT M.S. A £13 195 167 - 118 11 - 4 3 -126 108 125 82 115 0
CRITICAL STRAIN
( r e le a s e + l o a d i n g )
AT MID HEIGHT
COMPRESSIVE £,+£,=£<: 189 179 146 193 175 176 180 180 212 175 192 198 170
TENSILE £ &+ £ „ = £ t 180 149 76 40 90 -17 -80 -196 70 85 34 65 - 2 4
CURVATURE Ec- E t / t  = ° c 2-6 6*3 20*0 15*3 24*3 55*2 74*4 107 40*6 25*7 45-1 38*1 55*4
C O L U M N S
7 5 100
1-0 0*0 0*0 0*5
0*5 1*0 1*5 0*0 1*0 0*0 0*5 1*0 1*5 0*5
15 17 25 27 35 37 1 21 1 3 5 7 11 13 15 17 21 23 25 2 7 31 3 3 35 37 12 13 14 15 2!
9 *5 135 9-5 13*5 9*5 13 5 0*0 0*0 0*0 5*5 9 4 13 5 0*0 5*5 9*5 135 0*0 5*5 9-5 135 0*0 5*5 9*5 135 3*5 5*5 7*5 9*5 9
118*8 18*6 15*1 15*2 11-1 12 6 23*5 9*7 21-7 19*2 15*8 14-0 13*7 12S 13*1 13*2 7*7 10*0 9*8 10-8 5-5 7*0 6*6 8*8 12*1 14-0 14-1 13-9 11*
12 9 12 11 11 12 16 17 17 16 11 9 16 16 11 9 18 14 11 10 2 0 11 10 11 11 13 9 1 4 n
-2 2 -3 8 -12 -5 2 -11 - 4 5 0 0 0 8 15 61 0 12 35 66 0 15 40 61 0 19 40 55 5 9 9 8 8
- 6 -5 -7 - 6 - 8 - 6 2 2 4 8 15 17 6 5 12 19 2 8 11 20 2 5 13 21 2 4 1 9 u
-16 ‘3 4 -7 -47 -8 -39 18 19 21 32 41 87 22 33 58 9 4 20 37 62 91 22 35 63 87 17 2 6 19 31 3
10 8 10 7 10 7 16 17 17 16 11 9 16 16 11 9 18 14 11 10 2 0 11 10 11 9 9 9 9 8
OS 102 8 5 114 85 126 0 0 0 8 15 61 0 12 35 66 0 15 40 61 0 19 40 55 22 3 5 46 60 6
23 20 23 27 23 2 7 2 2 4 8 15 17 6 5 12 19 2 8 11 2 0 2 5 13 21 6 12 16 22 2
118 120 118 14 9 118 149 18 19 21 32 41 87 22 33 58 9 4 2 0 37 62 91 22 35 63 87 37 5 6 71 90 9
225 220 22 0 240 220 2 3 4 146 156 180 160 170 120 157 170 121 106 138 142 130 131 120 186 140 118 160 160 160 140 18
*48 -40 -70 -8 0 -100 -102 47 -100 25 30 0 - 4 0 -72 -60 -24 -40 -131 -110 -51 -71 -160 -140 -120 -110 -60 -50 -6 0 “ 40 -9
"07 •09 "05 -•12 -•07 - 0 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ' 0 2 ‘ •18 ‘•17 “ 16 ‘ •2
*15 •15 •13 •16 •17 •18 •14 •27 •16 •26 *26 *35 *46 •40 *23 •29 •40 •47 •21 •36 •50 •50 •49 •50 •58 •56 •50 *48 •6
•58 •56 1-08 1*04 16 0 159 •14 1*27 •16 •26 •26 •35 •96 *90 •73 •79 1*40 1*47 1*21 1-36 2*00 2-00 1-99 200 •96 •88 •83 •82 14
209 186 213 193 212 195 164 175 201 192 211 2 0 7 197 203 179 20 0 158 179 192 222 142 221 203 205 177 186 179 171 2t
70 90 48 69 18 5 9 6 5 -81 46 62 41 37 -5 0 -2 7 3 4 5 4 *111 -6 3 11 20 -138 -105 -57 “23 -23 6 11 50 ~t
100 110 85 9 4 55 8 6 r - - 117 12 6 125 - 65 106 144 - 55 100 120 - 60 73 90 50 70 62 75 7;
190 188 185 180 182 178 150 140 164 172 170 181 150 175 158 184 120 140 166 200 100 175 168 175 150 160 145 150 18
80 108 60 8 5 40 8 5 80 - 4 0 3 6 77 6 0 67 -16 18 5 8 80 -75 -30 36 50 -102 - 6 0 -14 7 5 32 3 4 65 2
203 182 208 188 203 189 46 156 180 168 185 181 157 182 156 172 138 157 170 192 120 205 180 173 165 169 169 148 18
3 7 62 15 3 4 15 24 47 -100 25 3 8 15 21 -72 -58 11 26 -131 “95 -11 -10 -160 -121 -80 - 5 5 -38 -15 -14 20 - 3
47-5 34-3 55*2 44-0 55*4 47*2 28*3 73-2 51-5 37-1 48-5 45*7 65*4 65*8 41*4 41*7 770 7 2 0 51 8 5 7 7 8 0 0 9 3 0 74*3 65*2 58-0 52 5 523 36  6 64
c o m p r e s s iv e  s t r a i n s  pos it ive
] • ' ' ■." ■ ' 199
A ppendix  2 . k ■ ■; 
CENTRALLY LOADED PRESTRESSED CONCRETE COLUMNS. 
TABLEA2.1 A u th o r s  t e s t s .
Ref. Concrete  
s t r e n g t h  
f' lb /in*
Length
L
Inches
L
k
P r es tr e s s U lt im a te  load Residual prestress P +‘u
te st
Fr
ca lc .
K pu+ F r
po
test ca lc
P + Fru rr
test
calc .
Force  
F tons
E cc.  
d  Ins.
p
test
tons
p
calc.
tons
Fr test
to n s
P
r calc 
tons
1 4 8 0 0 12 12 0 0 0 0 2 8 6 i n 0*0 , 0*0 '■ 28 6 27-2 2 8 3 1*01 *96 1*05
1 4800 SO 50 0 0 0 0 26 6 26*8 0 0 0*0 26-6 2 6 8 283 1-00 -9 4 •95
3 4 8 0 0 50 50 5*5 o-o 2 5 5 25 3 1*9 1*6 27 4 26 9 28*3 -97 -95 1-02
5 4 8 0 0 5 0 50 9-5 0*0 18 9 20 3 6-4 6*0 25 4 2 6 3 283 *90 ’93 '97
7 4 8 0 0 50 50 13 5 0*0 ',1.7-8 19-3 7*7 7*8 25 5 271 28*3 •90 *96 •94
5 4 8 0 0 50 50 9-5 0*5 19*7 2 0 0 6*8 6*5 26 5 265 283 •94 *94 1 0 0
7 * 4 * 0 0 5 0 50 13 5 0*5 18-7 17*3 7 0 7*0 25 7 24*3 2 8 3 '91 *86 1-06
5 * 4 8 0 0  . SO 50 9-5 1 0 188 16*0 4*7 5*5 23*5 21 5 28*3 •83 -76 1 0 9
1 4 8 0 0 75 75 0 0 0 0 23*5 247 0*0 0*0 23 5 247 28-3 •83 -87 '95
1 4 8 0 0 100 100 0 0 0*0 217 21-5 0 0 0*0 217 215 28*3 * 7 7 - 7 6 1*01
3 4 8 0 0 100 100 5-5 0*0 192 20*0 2*8 2*5 22 0 22 5 28 3 •78 *80 •98
5 4 8 0 0 100 too 9-5 0*0 158 16*1 6*6 6*8 22*4 229 283 •79 *81 •98
7 4800 100 100 135 0*0 140 152 8-9 8*6 2 2 9 238 283 ’■81 *84 •97
£  fa i le d  w ith  fa c e  B in h igher c o m p ress io n  than face A a v er a g e  = 1 0 0
standard deviation *04
TABLE A2.2 B u i ld in g  R e s e a r c h  S t a t i o n . t e s t s , 1
Cl 8240 144 104 8*7 0*0 6 3 2 60*8 5-7 5-7 6 8 9 66-5 91-0 7 6 •73 1*03
C7 6500 14 4 1 0 4 8*7 0*0 48-6 47*8 5-2 5*0 53*6 52-8 72-0 '75 •74 1*02
-
a v e r a g e - 1 *02
TABLE A2.3 Test  by R ec ch io .3
2 6750 216 37 54 0*0 1000 948 33-3 32*8 1062 1010 1022 1*04 •99 1*05
54 28*5 29-1
total F ; i0 8  tons t o t a l  Fr = 61-8 t 61 * 9 1
A ppend ix  3 ( s h e e t  1 )
TABLEAU TESTS ON CENTRALLY LOADED PIN ENDED REINFORCED CONCRETE COLUMNS.. ■ ■—  ■ ' 1 " l   ■ ...  ■ —    I -...............  —       'M ■ " ........  ■......  . ■
Ref. C oncrete Section Length S te e l Ultimate load
strength
lb/in1
t  X b = Ag
inches in?”
L
inches
I
t
7 . Y.R
t/in*
^test
ton
Po
ton
*test
Po
p
calc
ton
Ptest
Pcalc.
I 2100 3-94x 7-87= 31*0 126
Baumann ^  
32-1 1*6 19-0 26 5 3 4 9 •76 25*9 1*02
III 2330 5*51 x 551 = 30 4 128 22*9 1*6 19*0 3 4 4 ?5-9 •96 35 3 •98
V 3 8 3 0 5-47x 6-97= 381 126 233 2-5 18-2 6 5 0 71-4 •91 62 5 •99
Va 3 8 3 0 5  51 x 7-01 = 23 2 128 23-2 2-5 18-2 68*5 71*9 •95 65*7 1*04
VI 3 6 1 0 3 S 6x 7-80=301 126 32*7 1-6 19-0 39-4 49*9 *73 3 6 4 1*08
Via 3 610 3-94 x 7-87=31*0 126 321 1*6 IS 0 40*3 50-9 79 37*4 1-08
Vila 40 4 0 7 0 9 x 7-09=50-2 126 17*8 1*9 18*2 82 5 92*9 *89 84*2 *98
1 4870 9-85x 9-85=97-0 117 11*9 1*3 17 6 2040 201*2 1*01 195-0 1*04
2 4 8 7 0 4-92x9-85=48-5 127 25-9 0-6 21*6 69-8 95*9 •75 76-3 •93
3 4 8 7 0 6*30x9-85=62-1 2S6 62*1 0*8 19*0 67*0 123-5 •54 57 4 1-16
15 5630 6-34x9*72= 61*7 256 61-7 0*8 19*0 5 5 0 104-3 •39 60*3 *92
la 3270 5-5 x 6-3 = 34-6
Gehler 8 Hutter ^* 
220 40-0 0-91 18*2 25-9
average = 1*02 
standard deviation *07
48-2 *53 2 4 5  1-09
3270 5*5 x 6-3 = 34 6 220 40*0 0-91 18-2 24 2 48*2 •50 24-5 *99
lb 3920 5 * 5 x 6 -3 = 3 4 -6 165 30-0 081 18 2 40*2 567 *71 40*3 1*00
3 9 2 0 5-5 x 6-3 = 34*6 165 30-0 0*91 18 2 38 7 5 6 7 *68 4 0 3 •9 6
1c 3 6 7 0 5-5 x 6*3 = 34*6 137 25*0 0*91 18*2 50-0 53*2 •94 46 0 1*09
3 670 5-5 x 6-3 = 34-6 137 25*0 0*91 182 53 5 53 2 1-00 46*0 11 6
Id 3 5 6 0 5-5 x 6-3 = 34-6 110 20*0 0-91 18*2 48-8 51-9 -94 49*6 •98
3 5 6 0 5*5 x 6*3 = 34*6 110 20 0 0*91 18*2 55-5 51-9 1*07 49*6 M l
le 3 5 6 0 5-5 x 6-3 = 3 4 6 83 15*0 0-91 18-2 50 0 51*9 *96 51*1 *98
3 5 6 0 5*5 x 6 3 =34  8 83 15*0 0-91 18*2 56*8 519 *30 51-1 M l
If 3 5 6 0 5-5 x 6-3 = 34-6 55 10*0 0-91 182 471 51*9 *92 52 6 •91
3 5 6 0 5*5 x 6-3 = 3 4 8 55 10-0 0 91 18*2 50-0 51-9 •96 52 6 •95
11a 31 2 0 5-5 x6*3 = 34-6 220 40-0 2-8 21-7 32-6 61 0 •53 34*2 •96
3 1 2 0 5*5 x 6 3  = 3 4 6 220 40*0 2*8 21-7 34*9 6 Lp • y 34-2 1*02
1 3 2 0 0 5*5 x 6-3= 3 4 6 220 40-0 0-5 15*8 19 7 44-7 *44 18 4 1-07
3200 5*5 x 6*3=346 220 40*0 0-5 15*8 17-6 4 4 7 •4 0 184 •96
2 3200 5*5 x 6 3 =  34 6 220 40-0 2^0 15*8 28*6 51-8 •55 28*4 1*01
3200 5-5 x 6-3 = 346 220 40*0 2-0 15*8 22*0 518 •42 28*4 •78
3 3 2 0 0 5-5 x 6-3 = 3 4 6 220 40*0 5*0 158 28-7 67 6 •42 40*2 '72
3200 5-5 x 6 - 3 - 3 4 6 220 4 0  0 5-0 15-8 32*7 6 7 6 *48 4 0 2 •82
4 2400 5-5 x 6 3  =34*6 165 30*0 0*91 196 263 37*4 *70 26*6 ,99
2400 5-5 x 6-3 = 34 6 165 30*0 0*91 19-6 25*4 374 *68 26*6 *96
5 2 7 9 0 5*5 x 6*3 = 3 4 6 165 3 0*0 0*91 19*6 328 42*5 •77 31*9 1 03
2 790 5*5 x 6*3 = 3 4 6 165 30*0 0*91 19-6 31-3 42-5 -74 31-9 *98
6 4 2 6 0 5*5 x 6-3 = 34 6 165 30-0 0*91 19 6 40 6 5 0 7 •80 43-8 •93
42 60 5-S x 6 3  = 3 4 6 165 30*0 0-91 19 6 40*6 50*7 '80 438 . *33
average 0-98  
standard deviation *Q9
A p p e n d i x  3 ( s h e e t  2 )
TABLE A3.2 T E S T S  ON C E N T R A L L Y  LOADED PIN  ENDED R E I N F O R C E D  CONCRETE COLUMNS.
Ref. Concrete
stren g th
fc I t / in 2
Section  
t x b =  Ag
inches in.2
Length  
L L
inches *
Steel Ultimate load
% Y.P. 
t / in *
Pte s t
ton
P P o te s t
ton p0
P P calc , test
*on Pcalc.
Ernst, Hromadik 1 R iveland^
3 3 4 3 0 6*0 x 6-0 r 36-0 90 15*0 1 23 20-0 49-0 55-1 -89 53-0 *93
4 3430 6*0 x 6 0 = 36*0 150 25*0 1 23 20*0 45-0 551 *82 49-5 *99
a v er a g e = - 9 6
Hanson & Rosenstrom 76
la 5 2 7 0 5 15x713 = 36-8 133 26*0 *85 24*7 71-5 80-7 -89 66*7 1*07
2 a 59 8 0 5*20 x7*16= 37*2 133 26*0 *85 24*7 70S 91-4 *78 74-6 '95
3a 7110 5-32 x 7-20=38 4 133 2 5*0 >85 24-7 78*6 110*5 '71 88-1 ‘90
a v e r a g e = 0 '9 7
standard deviation 0*09
Hognestad 5
B-6a 4080 100 x 10 0 = 100-0 75 7*5 2*48 19-5 2 0 4 0  199-4 1*02 199-5 1-02
B -6b 4 04 0 10-0 x 100 = 100-0 75 7*5 2-48 19 5 187-0 198-9 -94 197-8 *95
B-lla 38 70 100 x 100=: 100 0 75 7-5 4-80 19*5 223*0 233-8 *96 236*3 *95
B-llb 4010 10-0 x 10-0 = 100-0 75 7-5 4*80 19*5 217-0 239-3 *91 241*5 *91
average . »  0 - 9 6
standard deviation 0*05
Rambjfll
14 43 80 5-59x713 = 40-0 73 13*0 •78 18-2 69-0 72*2 *96 677 1*02
15 4-220 5-79x7*13 = 41-3 73 12-6 •78 18 2 69*0 71 9 *36 67-5 101
16 4220 5-75x720=41-4 73 12 7 •78 18-2 65-0 71*3 *91 675 *96
27 5010 5*55 x 7-17 = 39-8 114 20*6 ♦78 18-2 5 8 2 80*3 -70 70*5 *83
2 8 48 80 5 -7 5 |7 -20 f  41-5 1)4 19-9 •78 18 2 4 9 2 810 -61 68 6 *72
33 4700 5 6 3 x 7-20= 40-5 170 30*1 •78 18-2 49 7 773 '6 4 54-4 *92
average 0*91
standard deviation 0*12
Thomas
LC1 3520 6 0 x 6 0 = 36-0 885 167 2 18 20-0 59-0 62*9 *94 615 *96
LC2 38 40 6-Ox 6 0 * 3 6  0 124*5 20-8 2*18 18*0 54-7 65-7 -83 61-5 *89
LC2 3 4 5 0 6 0  x 6 0  = 3 6  0 142*5 ?3-8 2*18 21-5 48-0 631 *76 57*1 *85
LC4 3 4 4 0 0-0  x 6-0 r  3 6-0 160-5 26-8 2*18 200 46-7 61'7 *75 52*3 *90
average = 0*90
standard deviation 0-05
Toll e r f  ie ld  & Cowanb
1A 6 6 4 0 5 0 x 4-0 ? 20-0 12 2*4 3-83 18-5 58-0 613 ^95 611 *95
IB 6 6 6 0 5-0 x 4*0 = 20*0 24 4*8 3-83 18*5 63-0 61-5 1- 02 61*5 102
1 C 5 0 0 0 5-0 x 4*0 = 20*0 53 10-6 3-83 18-5 47-0 4 9 4  *95 49-2 1-01
- - • average = 0*99
standard deviation 0*03
202
A p p e n d i x  4 .  [ s h e e t  1 )  
ECCENTRICALLY LOADED PRESTRESSED CONCRETE COLUMNS;
TABLE AA.t A u t h o r s  t e s t s .
b x t = t-O'x 3 V  fL= 1.800 tb / in  2
Ref. Ecc.of
Loadinc
e  ins.
Length
L
inches
L
k
P restress Ultimate load Residual prestress P + Fru r
te s t  calc. to n s
Pu+ F r pu+ l >
test
calc.
Force
Ftons
Ecc. 
O ins.
p
test
tons
Pca lc .
to n s
te s t
to n s
Ff c a lc ,  
tons
pi
te s t
3
calc.
11 0*5 12 12 0*0 0 0 20-0 17-8 0*0 0*0 20-0 17*8 2 8  3 •71 *63 M 2
21 10 12 12 0*0 0-0 •14-0 12-3 0*0 0-0 14 *0 123 28*3 4 9 •44 i 13
31 1*5 12 12 0-0 0*0 9-3 8*3 0 0 0*0 9-3 8*3 283 *33 '29 M 2
11 0*5 50 50 0 0 0 0 18*5 m 0*0 0*0 18*5 17 4 28 3 '65 *62 1*06
13 0*5 .50 50 5-5 0 0 173 16*0 1*6 2*8 18*9 18*8 28-3 *67 *66 1 0 0
15 0-5 <50 50 9-5 0*0 14*0 13-5 6*5 6 7 20-5 20-2 28 3 *72 •72 1 03
17 0-5 50 50 13 5 0*0 130 12*3 8-7 9*1 21 *7 214 28-3 *77 •76 r o 6
21 10 50 50 0*0 0 0 11*2 11*3 0*0 0*0 11-2 11-3 28 3 43 •43 •99
23 1-0 50 50 5-5 0*0 12 5 11*0 3-9 3*4 1 6 4 14*4 28 3 •58 *51 1 13
25 10 50 50 9*5 0-0 10-5 9'8 6-6 5 8 17*1 15-6 28*3 *60 •55 10 9
27 1 0 50 50 13*5 0 0 10*0 9-0 6*9 9*8 16*9 18*8 2 8  3 -60 •67 1-11
31 1-5 50 50 0 0 0-0 7-0 7*8 0*0 0*0 7*0 7-8 28-3 *25 *2 8 *90
33 1*5 50 50 5-5 0*0 8*4 8*2 4 0 3 8 1 2 4  12 0 28-3 *42 1*02
35 1-5 50 50 9*5 0*0 7*8 7-5 7*2 7 5 15*0 15*0 28 3 *53 *53 1*04
37 1-5 50 50 13-5 0 0 7-0 6*8 9*6 10*0 16*6 16*8 2 8 3 -59 •6 0 1 0 3
15 0-5 50 50 9-5 0*5 15*0 15* 7*1 7 2 221 22 6 283 *78 •80 •98
17 0-5 50 50 13*5 0*5 14-6 15*1 9*0 9*1 23 6 232 2 8 3 *84 '8 2 *97
25 1*0 50 50 9*5 0*5 1 2 0 11*6 7-6 7 5 19-6 19-1 28-3 •69 -68 1*03
27 1*0 50 50 13 5 0-5 12* 0 115 9*7 9*8 21*7 21*3 28*3 -77 •75 1 04
35 1-5 50 5 0 . 9 5 0'5 9-3 9-3 7*8 7*6 17‘2 16*9 28*3 •6) *60 1-00
37 1-5 50 50 13 5 0*5 10*0 9-2 111 10*0 211 19 2 28*3 •75 -68 1 *09
15 0-5 50 50 9*5 1-0 18 8 18*3 7*2 6*7 26 0 25 0 28*3 •92 -88 1*03
17 0*5 50 50 13*5 1-0 18'6 18*3 9 6 7*0 28*2 25*3 2 8 3 1*00 •90 1*02
25 1 0 50 50 9-5 1*0 15'1 14*6 7*5 7*6 22*6 22*2 2 8 3 *80 *79 10 3
27 10 50. 50 13*5 1 0 15*2 - 14:0 10 1 9 -6 25 3 23 6 28*3 -89 84 1*08
35 1-5 50 50 9-5 1 0 111 10*9 8-2 8*0 19*3 18 9 28-3 • 6 7 •67 1 0 2
37 1*5 50 50 13*5 r o 12-6 111 10*4 10 3 23 *0 21 4 28*3 *81 •7 6 1 13
21 10 75 75 0-0 0*0 9*7 10-0 0*0 0*0 9*7 10-0 2 8 3 *34 •35 '97
A p p e n d i x  4  ( s h e e t  2 )
E C C E N T R I C A L L Y  LOADED P R E S T R E S S E D  C O N C R E T E  C O L U M N S .
TABLE A4.2 A u th o r s  t e s t s .
b x t  = V0"x3-5“ fj  = 4 * 0 0 l b / i n 2
Ref E cc .o f Length P r e s tr e s s Ultimate toad Residual prestress Pu+ Fr po pu + Fr Pu+Fr
loading L k Force E cc. pte s t
p
calc. ^  te s t c a l c . p3 test
e ins- in ch es F tons 01 ins. to n s tons tons tons t e s t calc to n s test calc c a lc .
U 0*5 100 100 0*0 0*0 13 7 18*1 0*0 0 0 . 13*7 13*1 28*3 •48 *46 1-05
13 0-5 100 100 5 5 0 0 12 6 12 2 4 0 5*1 16-6 17-3 28-3 "59 • 6-1 103
15 0-5 100 100 9*5 0 0 13 1 113 7  0 7*1 201 18 4 28*3 ♦71 •65 1-16
17 0-5 100 100 13 5 0 0 13 2 10-6 8*4 9-2 21 6 19-8 28 3 *76 *70 123
21 1*0 100 100 0 0 0*0 7-7 8*1 0 0 0*0 7*7 81 28*3 *27 *29 *96
23 1 0 100 too 5-5 0 0 10*0 8 4 4*2 5-5 142 13 9 28 3 *50 *49 )*09
25 10 100 - 100 9*5 0-0 9*8 8*2 7-2 7*4 17-0 15 6 283 •60 *55 1*19
27 1*0 100 100 13 5 0*0 10*8 8*0 9-2 9*7 20*0 17 7 283 *71 ‘ 63 113
31 1 0 100 100 0 0 0 0 5-5 5*4 0*0 0 0 5*5 5*4 28-3 *20 •19 102
33 10 100 100 5*5 0 0 7 0 6*4 41 5-8 III 12-2 283 •39 •43 f'Q7
35 10 100 100 9-5 0-0 6*6 6*3 7*8 7*7 144 140 28-3 •51 •50 1*06
37 1-0 100 100 13 5 0-0 7*8 6*4 10-3 9*7 181 16-1 28-3 •64 •57 1-21
12 0*5 100 100 3-5 O’ 5 121 1 3 0 2*3 2*1 14 4 15*1 283 51 •53 *96
13 0-5 100 100 5-5 0*5 140 141 3*9 3*2 17*9 17-3 28-3 •63 •61 *99
14 0*5 . 100 100 7-5 0*5 14*1 13-8 6*0 5*4 20*1 19-2 28*3 •71 *68 1 0 2
15 0-5 100 100 9-5 0*5 13*9 140 7*7 7*0 2 ! 6 21*0 28-3 •76 •74 •99
25 1 0 100 100 9*5 0*5 11*2 10*5 7-8 7-5 19*0 18*0 283 *67 *64 I 06
27 1*0 100 100 13 5 0’5 11*2 10*5 10*7 10*0 21-9 20*5 283 -78. •73 1-06
35 1*0 100 100 9 5 0*5 8*3 8*0 8*2 8*1 16 5 18-1 28-3 •58 •57 1* 04
15 0-5 100 100 9-5 1*0 16*8 16*2 6*9 7*1 23 7 233 283 •84 -83 1*03
25 10 100 100 9-5 1*0 12 6 12-2 7'6 7*8 20 2 20*0 28-3 •71 •71 1*03
27 10 100 100 13-5 vo- 13-8 12*4 10*6 10*0 24*4 22-4- 28*3 •86 •79' 111
35 10 100 100 9-5 i-o 8*4 9*3 8*4 8*0 16*8 17-3 28*3 *60 *61 *91
37 10 100 100 13*5 1 0 9*8 9-8 10-8 10*4 20-6 202 28*3 •73 •72 1*00
a v er a g e  o f  sheets  1 & 2 = 1*06
stan d ard  deviation = 0  08
A p p e n d i x  5  [ s h e e t  1 )
TABLE A5.1 TESTS ON ECCENTRICALLY LOADED PIN ENDED REINFORCED CONCRETE COLUMNS.
Ref. Concrete Section Length Steel Load e cc . Ultimate load
strength
f t  to / in 2
t  x b  ^ Ag 
inches in
L
inches
I
t
7 .  Y.P, 
t/in^
e i  
inches *
Pte s t  Po Ptest  
ton ton PQ
Pca Ic. 
ton
Ptest
*calc.
Baumann ^
la 2280 3-94x7*87 =31 0 126 321 1*6 19*0 *33 -083 15 3 356 -43 160 •96
I l ia 2360 551x5-51 =30-4 126 22*9 1-6 19 0 *46 083 23*6 361 -65 2 4 7 •96
4 4650 9-84x9-84 = 86*7 118 12*0 1-3 17 5 163 166 9 6 5  189-7 -51 110-0 '88
5 4630 4-92x9-84 = 48-5 127 25*9 0*6 21-5 •82 *166 34-4 91-7 -38 34-9 -99
7 2 9 5 0 9 84x9 84 = 96*7 115 11-7 1*3 17 5 1 63 -166 84-6 147*0 -58 79*4 107
8 2 9 5 0 4 96x984 =48-8 127 256 0*6 215 *82 -166 23-6 70*9 *33 23 9 ■99
10 43 40 9 88x9*96 = 98*4 115 11*7 1*3 17 5 3 30 -333 69-4 209-3 *19 69-7 1-00
II 43 4 0 4-96x9-92 =493 127 25*6 0 6 21*5 1 - 6 5 - 3 3 3 19-7 101*2 -20 14* 6 1-35
13 4750 9 8 8 x 9 7 2  = 96 0 117 11-8 1-3 175 3 30 -333 70 2 222-7 -32 73-5 • 9 6
14 4750 4 36x9 76=48*5 127 25*6 0*6 215 1*65 333 16 3 109 2 15 16*0
average = 
standard deviation =
31£rnst,H rom adik  & R ive lan d
1-02
1*02
•13
7 3430 6*0 x 6 0 =36*0 90 15 1*23*20*0# *75 -125 42 0 5 5 1  -76 36*3 1*16
8 3430 6 Ox 6*0=36*0 150 25 41*23 20-0 •75 -125 34-5 5 5 1  *63 32 5 1-06
11 34 30 6 0 x  6-0 = 36-0 90 15 1-23 20*0 1*50 *25 30-5 55 1 -55 27 8 1*09
12 343 0 6- Ox 6 0 = 36-0 150 25 ; 1-23 20*0 1-50 *25 20-3  5 5  1 '37 20*3 1-00
13 343 0 6 -Ox 6*0 = 360 150 25 1*23 20-0 2*25 375 
Hanson & R i s e s t r o m ^
13 0 551 -24 13*5 
average = 
standard deviations
•9 6
1*05
• 0 8
lb 5270 515x7-12 =36*7 133 28-5 •85 24-7 •86 -166 30*7 80*7 -38 30*6 1*00
2 b 5980 5-20x742 =37-1 133 25*6 •85 24 7 •86 -166 30*1 91*2 -33 33-4 •90
3 b 7110 S-32x7 20 =38*3 133 2 5 1 •85 24*7 *86 -166 
T o l l e r f i e ld  & Cowan®
36 0 110-5 *32 39 4 
average  = 
standard deviation =
•92
0 * 9 4
•17
2 6 2 5 0 5-0x 4 0 = 20*0 53 13 2 3-83 185 *375 -095 49-0 58*4 *84 45 5 1*06
3 4 3 5 0 5-Ox 4*0 = 20*0 53 13 2 3 83 18*5 •75 -188 38*0 44*6 *85 29 8 1 27
4 3 6 5 0 5-0x 4 0 =20 0 53 13 2 3 83 . 18-5 1* 25 *313 28*0 39*5 -71 22 2 126
5 4 7 5 0 5 0 x 4 - 0  = 20-0 53 132 3-83 18*5 1*75 *438 18 0 47*5 39 19*4 
av era g e  = 
s ta n d a r d  d e v ia t io n :
'95
M 3
•16
•  assumed value,original paper not available
A p p e n d i x  5  I s h e e t  21
T A B L E A 5 .2  T E S T S  OH ECCENTRICALLY LOADED PIN ENDED REINFORCED CONCRETE COLUMNS.
Ref- Concrete Section Length S t e e l Load e c c . Ultimate load
s t r e n g th t X b :  Ag L L
t
% Y.P. 49 e 8_ Ptest Po Ptest Pcalc. Ptest
i'c lb / in 2 inches in inches t /  in inches * ton ton P0 ton Pcalc.
G ehier  & H u tte r  ^
7 3 0 2 0 5-50x6*30=34-6 82 5 15 2 0 2 15-8 •207 *038 47*4 499  *95 43-6 108
7 30 20 5*50 x 6-30=3 C6 82*5 15 2*02 15-8 • 2 0 7 - 0 3 8 45* 0 49*9 *90 43 6 103
8 A200 5*50 x 6-30=34-6 110*0 20 2 0 2 * 15-8 •28 *051 4 8 1 6 5 1 - 7 4 48*7 *99
8 A 2 00 5-50x 6-30 = 34*6 110*0 20 2-02 15 8 •28 -051 44*6 651 *69 48*7 *92
9 A 110 5*50x6*30= 34-6 165 30 2*02 15*8 -413 *075 32*1 63 8 *50 3 5 5 *91
9 Clio 55 0x6-30 = 34 6 165 30 2'02 15*8 *413 *075 29*9 63 8 *47 3 5  5 *85
10 3260 5*50x6*30=34-6 220 40 2 02 15*0 - 5 5 5 * 1 0 1 15*3 5 2 * 9 - 2 9 163 *94
10 3260 5-50 x 6-30 = 34*6 220 40 2*02 15 8 *555 *101 166 52 9 *31 16 3 1*02
1 1 , 3216 5*50x 6*30=34*6 82*5 15 2-02 15 8 *413 *075 43 3 52 5 -82 39 7 1*09
11 3216 5-50x6*30=34*6 82*5 15 2*02 15*8 *413 -075 470 52 5 -89 39*7 I* 18
12 4200 5-50 x 6-30=34-6 110 20 2*0 2 ' 15*8 *555 *101 39 7 65 1 -61 40*2 *99
12 4 2 0 0 5*50x 6-30=346 110 20 2 02 15*8 •555 *101 40*5 65 1 -62 402 1-01
13 4390 5*50x 6*30 =34*6 165 30 2 02 15 8 8 2 5  '15 2 3 7 67*6 -36 2 5 0 *95
13 4390 6 5 0 x 6 3 0  = 34-6 165 30 2 02 158 *825 *15 241 67 6 *36 2 5 0 *97
1C 2830 5*50x630 = 34*6 220 40 2 02 15*8 1*105 *201 12*6 47-5 *26 12 1 1 0 4
1C 2 8 3 0 5-50x6-30= 34-6 220 40 2*02 158 1-105 -201 11A 4 7 - 5 - 2 5 12 1 *94
15 3210 5-50x6-3 0 = 34*6 82 5 15 2 02 158 *735 *133 40-3 52 A -77 34*9 1-15
15 3210 5-50 x 6 3 0  = 34-6 82 5 15 2 0 2 15 8 •735 *133 44*0 52 4 *84 34*8 1 2 6
18 3020 5 6 0 x 6 3 0 = 3 4 - 6 no 20 2 0 2 15-8 *835*152 2 6 4 49 9 53 28  0 •95
16 3020 560x6*30  = 34*6 110 20 2*02 15 8 •835 *152 30-8 49*9 *62 28*0 110
17 3710 5-5 Ox 6*30 = 3 4*6 155 30 2*02 15*8 1*24 -225 19 6 58 7 -33 20*4 *96
17 3710 5 6 0  x6*30 = 3 4 6 165 30 2*02 15*8 1 24 -225 17*4 58*7 *30 20-4 *86
18 2 8 9 0 651 x 6*30=34*6 220 40 2*02 158 1*24 *302 10 5 48*3 -22 10*2 103
18 ^890 5*50x 6*30= 34*6 220 4 0 2*02 15 8 1*24 -302 10*1 4 8 * 3 - 2 1 10*2 •9 9
a v er a g e 1 0 1
standard deviation: > 1 0
T hom as
LC5 3 6 4 0 6 00x6*00=36*0 160 26 7 2-18 13 7 •28 -047 45-8 64-3-71 42*7 1*07
LC6 3970 6 -0 0 x 6 0 0 = 3 6 * 0 142 23-7 2-18 21*1 -25 *042 4 5 0 69 3 -65 49-2 *92
LC7 3810 6-00x6*00=36*0 125 20-7 2 1 8 18*2 •22 *037 46 5 6 5 %4 -71 50-0 •93
LC8 33 3 0 6 0 0 x  6 0 0  = 36*0 88 14*7 2-18 20*2 - 1 6 - 0 2 7 4 7'  6 60*7 7 8 51 9 *92
LC9R 2900 6 0 0 x 6 0 0 = 3 6 * 0 160 26 7 2-18 20  0 • 10 -017 36 1 54*6 -66 39*3 •9 2
LC10 2730 6 0 0 x 6 - 0 0  = 3 6 0 1C2 23 7 2 18 IB-3 *25 *042 3 7 5 5 1 0  *74 37*4 (-01
LCIl 2700 6-00x 6*00 = 36-0 125 20-7 2 18 17-6 •22 *037 42 0 50 -0  -84 38 4 1-30
LC12 30 3 0 6 0 0 x 6 -0 0 =  36*0 88 14*7 2 18 2 1 4 • 16 027 4 4 0 57-4  7 7 50*9 1 1 3
PLO 2 7 2 0 3*00x3*00= 9-0 100 331 4*90 201 *17 *056 8-2 17 8 -46 10 0 •82
PLC2 2800 3*00x3-00=  9*0 100 33*1 4*90 20-1 •17 *056 8-1 18 0 -45 10 4 •78
a v era g e . 9 8
. s tan d ard  dev ia t io n: •16
_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - —   —   ~      ^  . . . . . . . .  , . ^ _ . . .  •■ ■ • - : - v ^ . ; ^ = ^ = r r - .  - . . - -
2 0 6
A p p e n d ix  6 ( s h e e t  3 ) 
TABLE A5.3 TESTS ON ECCENTRICALLY LOADED PIN ENOED REINFORCED CONCRETE COLUMNS.
Hognestad^ '
Group II
t x b =  10x 1 0 in c h e s  lengthL =75inches  “ -=7*5 s t e e l  7 .=  2*48 Y.P. = 1 9 5 ton s / in ? .
Ref. C oncrete
s tren g th
lb/in?
Load e c c . Ultimate load
8
inches
8
7 Ptest
ton
r,  Ptest  
ton Po.
Pcalc.
ton
Ptest
Pcalc.
A-7a 5240 3*25 *325 122*0 242*6 -5 0 109*0 1*10
A-7 b 5810 2-5 '25 127*0 264-0 *48 121*0 1*04
B-7a 4080 2 5 •25 114*2 200*2 -57 107*4 1 07
B“ 7 b 4 0 4 0 2 5 *25 110*8 198*4 -56 106-3 1 0 4
C- 7a 1970 2 5 •25 65*1 121*4 *54 65*6 •99
C-7 b 1520 2*5 •25 56 6 104-7 ‘5 4 , 56*6 1*00
average  c o l . 7 = 1*04
A -8 a 5520 5*0 *50 74*0 253*4 *29 73 2 1 0 !
A-8 b 5810 5 0 *50 75*8 264*0 '29 75*0 101
0 - 8a 4700 5*0 ‘ 50 68*7 222*6 *31 64*0 1 0 7
8 - 8 b 4260 5*0 •50 66*0 206*4 *32 66-0 100
C - 8 a 1820 5*0 •50 43*0 115*9 *37 40*8 1 05
C* 8 b 1820 5*0 *50 43 0 115*9 *37 4 0 8 1-05
av era g e  col 8 = 10 3
A-9a 5100 7*5 -75 42 7 237-4 *18 41-7 102
A“ 9b 5170 7*5 •75 42*8 240*4 '18 42-5 101
8 - 9a 4700 7-5 •75 42 0 222 6 M9 41*3 1*02
B- 9b 4370 7-5 •75 412 210*4 *19 41*4 •99
C-9a 1880 7*5 •75 33 0 118*0 ‘28 29-9 M 0
C-9b 1730 7*5 ;7 5 29*2 112*5 *26 28*8 101
average col. 9 = 103
A*lOa 5100 12* 5 1 25 20*6 237*4 *09 20*0 1 03
A-lOb 5170 12 5 1*25 19*7 240*4 *08 19 9 •99
B-lOa 4260 125 1 25 19*4 206*4 *09 20-7 *94
S-lOb 4370 12*5 1 25 19 7 210*4 -09 21*1 *94
C-lOa 23 00 J2*5 . 1-25 19*9 133*6 *15 19*7 101
C-lOb 1770 12*5 1 25 20* 1 113*9 -18 17 9 1 12
average col. 10 = 1*00
average  GroupII s 1 0 3  
standard deviation = *05
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TABLE A5.4  T E S T S  ON ECCENTRICALLY LOADED PIN ENDED REINFORCED CONCRETE COLUMNS.
Hognestad
Group III
t x  b = H h lO in ch es  Length =75 in ch es  i = 7-5 s t e e l  %= 4*8 Y.P. = 19-5 t o n s / i n  2
Ref Concrete Load ecc . Ultimate load
strength
i e fyest I’d Ptest Pcalc. Ptest
f'c l b / i n 2 inches t Ions to n Po ton Pcalc
A-12a 4150 2-5 *25 141 0 243*6 *58 126*5 Ml
A-12b 5 0 5 0 2'5 *25 145*2 276*0 *53 143*0 1-01
B -12 a 43 00 2*5 *25 135*4 248*7 •54 129-5 1*04
B-12 b 4010 2*5 •25 126 8 238*6 •53 124*0 1 02
C-12a 2310 2'5 *25 112*5 177*0 *63 95*6 117
C-12b 2200 2-5 •25 102-8 172*0 *60 93 2 1-10
average co l .  12 = 10 7
A-l3a 53 5 0 5*0 '50 9 8 4 286*6 •34 90*9 1*08
A-13b 4850 5-0 •50 93'7 268*6 •35 85 2 1*09
B-13a 3 5 8 0 5*0 *50 80*4 222*8 *36 72*5 110
B-13 b ,4 2 9 0 5*0 *50 9 2 0 248*6 •37 8 3 6 1*10
C-13a 2300 5*0 *50 67*3 176*6 *38 63 5 106
C-13b 2 0 7 0 5'0 *50 81*2 168*3 '36 571 1*07
average  col.13 = 1*08
A-14a 5350 7-5 -75 63*4 286-6 *22 62 4 1-02
A-I4b 5100 7*5 ~ *75 68*3 277*6 *25 61*5 Ml
B ' i t a 3580 7*5 *75 61*5 222*8 • 52*8 1*16
C-14a 1950 7-5 •75 51*5 164*0 *31 41*4 1-24
C-14b 2070 7-5 •75 46*4 168*3 •28 42*7 1*08
average  col .1 4 M 2
A- 15 a 5100 12 5 1 25 39 3 2 7 7 6 *14 37-4 1*05
A - 15 b 4850 12-5 12 5 35*3 268*6 •13 36*1 '9 8
B"15a 3800
/ 12*5 125 331 230 8 '14 34-3 *97
B- 15b 48 3 0 12 5 1 25 37 7 260*8 •14 33*8 1*11
C- )5a 1950 12-5 1-25 32*4 164*0 -20 27 1 119
£- 15b 2070 125 1*25 33*3 1683 •20 27 7 1-20
average col. 15 1*08
average Group III = 109  
standard deviation = -07
average of Groups II &II1-10S  
standard deviation = *05
A p p e n d i x  6 ( s h e e t  1) 
TABLE A6.1 AUTHORS TESTS ON PRESTRESSED CONCRETE BEAMS
PQ = 2 8 3  tons  HqS 2 8 * 3 t - in .  
b x t = A O x 3*5 in ch es  Tc'= i»f8Q 0lb/in^
P res tress Residual force Uftinnate moment %■ Fr e f«+ Fr Hu
test
calc.
Force 
F tons
Ecc. 
fl inches
Fr test 
tons
Fr calc, 
tons
test 
ton-iris.
calc, 
ton-ins.
t e s t
tes t
M0 , °catc. 
c a lc .
p
te s t  0 calc, 
t e s t  ca lc .
1 0 i 0 0 0 41 41 •14 *14 0 0 100
3 5*5 0 6*1 8*2 11*8 11-8 *40 *40 *22 •22 1*00
5 9 5 0 9-5 9-0 15-8 13-2 *53 •45 •33 •32 118
7 13*5 0 135 12 4 17*5 13 2 •59 •4.5 •48 *44 1-33
5 9*5 0-5 . 100 9*7 i9 b 17*9 •47 44 •35 *34 1 0 6
7 13 5 0-5 14 0 12-4 22 6 19 8 • 5 2 •46 •49 •44 I-14
5 3-5 10 III 10*3 2 6 0 24 2 •50 •47 *39 •3 6 1 0 7
7 13 S 1 0 J3-5 133 25 8 25*8 •42 *42 *48 ; 47 1*00
a v e r a g e  s 1-09 
s ta n d a r d  deviations *10
209
APPENDIX 7 .
LIST OF SYMBOLS,
The l e t t e r s  a n d  sym bols  u s e d  i n  t h i s  w ork  a r e  g e n e r a l l y
d e f i n e d  when t h e y  a r e  f i r s t  i n t r o d u c e d  a n d  a r e  su m m arise d
h e r e  f o r  r e a d y  r e f e r e n c e : -
a  » E c c e n t r i c i t y  o f  p r e s t r e s s i n g  b a r  f ro m  co lum n 
c e n t r o i d .
a n * D ep th  o f  W h i tn e y ’ s e q u i v a l e n t  r e c t a n g u l a r  s t r e s s  
x b lo c k *
A * G ro ss  c r o s s  s e c t i o n a l  a r e a  * b t .
p
A « A re a  o f  t e n s i o n  s t e e l ,  s
1
Ag * A re a  o f  c o m p re s s io n  s t e e l .
A^ * N om inal a r e a  o f  p r e s t r e s s i n g  b a r .
DC' * C r i t i c a l  c u r v a t u r e  -  8_ -  8.C u
t
<X^ « C u r v a tu r e  due t o  r e l e a s e  o f  p r e s t r e s s ,
b * W id th  o f  co lum n .
C = D ep th  o f  n e u t r a l  a x i s  f ro m  e x tre m e  c o m p r e s s io n  
f i b r e s  * k-^t
C * T o t a l  i n t e r n a l  c o m p r e s s iv e  f o r c e  i n  c o n c r e t e .
d  « D i s t a n c e  fro m  e x tre m e  c o m p r e s s io n  f i b r e s  t o  
t e n s i o n  s t e e l .
d^  e D i s t a n c e  b e tw e e n  c e n t r e s  o f  t e n s i o n  and  
c o m p r e s s io n  r e i n f o r c e m e n t .
1 1  cehkoiJ}
d = C ov er  t o  r e i n f o r c e m e n t /  t h u s  t  = d + d ” = d + 2d '
e^  = E c c e n t r i c i t y  o f  l o a d  f ro m  c e n t r e  l i n e  a t  e n d s .
e p * M i d - h e ig h t  d e f l e c t i o n  due t o  e c c e n t r i c i t y  o f  
p r e s t r e s s .
e-z = I n i t i a l  m i d - h e i g h t  d e f l e c t i o n  due t o  u l t i m a t e  
* l o a d  Pu
D e f l e c t i o n  a t  an y  p o i n t  x  f ro m  t h e  m i d - h e i g h t .
T o t a l  e c c e n t r i c i t y  a t  m i d - h e i g h t  * + e^  +
D i s t a n c e  fro n t  l o a d  l i n e ,  t o  t e n s i l e  s t e e l  a t  P , 
e q u a l  t o  e +
2
I n i t i a l  s l o p e  o f  s t r e s s  s t r a i n  c u r v e  f o r  c o n c r e t e .
Assumed e l a s t i c  m odulus f o r  t h e  p r e s t r e s s i n g  b a r  
t a k e n  a s  25 x  10^  l b / i n ^ .
B l a s t i c  m od u lus  f o r  t h e  m i ld  s t e e l  r e i n f o r c e m e n t  
t a k e n  a s  3 0 .x  10^ l b / i n ^ .
S tra in  i n  cc> n cr£ te .
C r i t i c a l  s t r a i n  i n  c o n c r e t e  a t  m i d - h e i g h t .
T o t a l  s t r a i n  i n  t e n s i l e  r e i n f o r c e m e n t  a t  
m i d - h e i g h t .
T o t a l  s t r a i n  i n  c o m p r e s s iv e  r e i n f o r c e m e n t  a t  
m i d - h e i g h t .
T o t a l  c h a n g e  o f  s t r a i n  i n  p r e s t r e s s i n g  b a r  a t  
m i d - h e i g h t .
T e n s i l e  s t r a i n  a t  t e n s i o n  f a c e ,  c o r r e s p o n d i n g  
t o  8 , a t  m i d - h e i g h t .
28 d ay  c o m p r e s s iv e  s t r e n g t h  o f  4 "  c o n c r e t e  c u b e s .
28 d ay  c o m p r e s s iv e  s t r e n g t h  o f  6 ” d i a m e t e r
1 2 ” lo n g  c o n c r e t e  c y l i n d e r s  f ^  = ,8  fc c
28 d a y  c o m p r e s s iv e  s t r e n g t h  o f  c o n c r e t e  i n
f l e x u r e  * .8 5  f ^  = *68 fc c
S t r e s s  i n  t e n s i l e  s t e e l  ( o r  t h a t  i n  l e a s t  
c o m p r e s s i o n ) .
21 1 .
1
f  * S t r e s s  i n  c o m p re s s iv e  s t e e l ,
f  • * Y i e l d  p o i n t  s t r e s s  o f  r e i n f o r c e m e n t ,
F a I n i t i a l  p r e s t r e s s i n g  f o r c e ,
F-, *= L o ss  o f  p r e s t r e s s i n g  f o r c e  due  t o  a l l  c a u s e s
a t  Pu .
Fp * P r e s t r e s s i n g  f o r c e  im m e d ia te ly  a f t e r  r e l e a s e ,
Fr  = R e s u l t a n t  p r e s t r e s s i n g  f o r c e  a t  « F -  F ^ .
I  = 2nd moment o f  a r e a  o f  c o n c r e t e  s e c t i o n  = \  b t ^ ,
12
I  = T ra n s fo rm e d  2nd moment o f  a r e a  r e f e r r e d  t o  t h e  
e c o n c r e t e .
k  = R a d iu s  o f  g y r a t i o n  o f  g r o s s  s e c t i o n  = /  I
^  A
6
k-, * R a t i o  o f  a v e r a g e  c o m p r e s s iv e  s t r e s s  t o  maximum
c o m p r e s s iv e  s t r e s s  a t  u l t i m a t e  l o a d ,
kp = R a t i o  o f  d e p th  o f  s t r e s s  b l o c k  c e n t r o i d  f ro m  t h e  
e x tre m e  c o m p r e s s iv e  f i b r e s  t o  t h e  d e p t h  o f  t h e  
b l o c k ,
11k z = R a t i o  o f  maximum f l e x u r a l  c o n c r e t e  s t r e n g t h  f  o ]_ c
t o  c y l i n d e r  s t r e n g t h  f  .
L = L e n g th  o f  co lum n b e tw e e n  k n i f e  e d g e s .
u
o
Moment a b o u t  c e n t r e  o f  s e c t i o n  c o r r e s p o n d i n g  
t o  u l t i m a t e  l o a d i n g  c o n d i t i o n s .
Moment o f  a l l  i n t e r n a l  f o r c e s  a b o u t  t h e  c e n t r o i d  
o f  t h e  t e n s i l e  r e i n f o r c e m e n t .
P = R a t i o  o f  t e n s i l e  r e i n f o r c e m e n t  A / b t .s
P*^  a R a t i o  o f  c o m p r e s s iv e  r e i n f o r c e m e n t
Pu  = U l t i m a t e  l o a d ,
t  * D ep th  o f  s e c t i o n .
APPENDIX 8 .
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Plain and Deform ed H.T. Prestressing Bai
By K. J. Brown, M.Sc.(Eng.), D.C.T.(Batt.), A.M.I.C.E., A.M.I.Struct.E.
Introduction
BO N D  tests on m ild or high tensile steel, plain and deform ed bars, cast directly  in concrete, are inapplicable to post-stressed 
concrete work as the concrete develops bond by shrinking on to the 
bar. W ith  post-stressed tendons, the concrete surrounding the cable 
or bar has set before the tendon is stressed and  g rou ted ; only the thin 
annular ring of grout has real influence on tendon bond. I t  is well 
known tha t there is a m arked decrease in the ultim ate strength of a 
post-tensioned m em ber w ith non-bonded tendon, com pared with a 
sim ilar m em ber with well bonded tendon (2, 3)* and the prim ary 
aim  of investigation (4) was to determ ine the m agnitude of the bond 
developed and the best com bination of high strength grout and 
duct form ation to obtain this bond. D ata  was also provided to 
show tha t high tensile deform ed bars could be substituted for plain 
bars, as post-tensioning elements, w ithout the need for perm anent 
end anchorages.
Tests on Grout
Effective grouting of the com paratively small cavity between bar and 
duct, after stressing the bar, requires grout of low viscosity. For 
the speedy recovery of end plates w ith deform ed bars this grout 
has also to provide high early bond strength. A fter prelim inary 
tests, sand-cem ent grouts were om itted from  further investigation 
as the sand addition necessitated a large increase in w ater/cem ent 
ratio, w ith consequent loss of strength, and produced blockages in 
injection nozzle and duct. Sand-cem ent grouts are not recom m ended 
for use w ith single steel elem ent systems of prestressing concrete. 
T his is confirmed by recent work by Prof. O kushim a (1).
D ue to the high early strength requirem ents, neat aluminous 
cem ent and rap id  hardening Portland  cem ent grouts only were 
considered suitable for further investigation. Various adm ixtures, 
known to affect grout properties (5), were considered for use with 
rapid  hardening P ortland  cem ent grouts. c P lastim ent ’ alone was 
selected as typical since it com bined a num ber of advantages such as
* T he figures in parentheses refer to the bibliography at the end of 
the article.
Fig. 1.
V iscosity  T es t  A pp a ra tu s .
Fig. 2. F lu id ity  Test Apparatus.
increased density (6) and high strength by virtue of perm itt 
reduction of w ater/cem ent ratio for the same workability (7).
W ithin a duct the conditions are complex, but the she 
stress probably predom inates. H igh crushing strength is assoc 
with both high tensile and shearing strengths, and the cru 
strength of cubes was taken as a convenient means of comp 
grout strength. S tandard  4in cubes were used throughout the 
grout being vibrated in the moulds for five m inutes at higl 
quency. Afoulds were stripped after 24 hours under dam p 
and the cubes placed in a curing tank until tested. T he abil 
various grouts to flow along a duct was com pared by viscosit 
fluidity measurem ents.
Com parative viscosity was m easured directly by the pc 
of grout through a long orifice screwed into a viscomete: 
(Fig. 1). T he cup was a 3f in  bore cylindrical brass containei 
long reduced at the lower end a t 30deg to the removable < 
3^ in  dia, 2^in long (length to diam eter ratio 11.5 to 1 for v 
flow). T he cup was filled to overflow and the orifice opened, 
tim e in seconds for 500ml of grout to flow out was taken 
m easure of relative viscosity. S tirring vanes incorporated j 
original apparatus were found to com plicate the procedure w 
m aterial benefit, and were discarded. T he viscometer app; 
was suitable for checking initial grout consistency on site but, 
laboratory, results over a period were more simply obtains 
fluidity measurem ents.
T he fluidity apparatus was a 3yj5-in bore, 4in long, open ( 
cylinder resting on a sheet of plate glass, which was filled t 
brim  (a reasonably precise quantity) and, w ithout delay, 
vertically. T his allowed the free spread of grout into a ‘ pan 
which was nearly always truly circular in shape (Fig. 2). 
fluidity value was taken as the ‘ area of spread ’ (area of pa 
minus internal area of cylinder). T he relation between fluic 
and viscosity V was found to agree consistently w ith the expr 
1 /V  =  .00021F — .0126.
Three types of grout were investigated: —
1. N eat aluminous cement grout, w ater: cement ratio 0.34 to
2. N eat rapid  hardening Portland cem ent grout, w a te r: o 
ratio 0.46 to 0.60.
3. Rapid hardening Portland cement plus 1 per cent of o 
weight of Plastim ent, w a te r: cement ratio 0.40 to 0.54.
Bond Tests
Bonding efficiency of plain and deform ed bars was reasonably 
pared by pull-out tests (8) (Fig. 3). T he known secondary 
effect of increase in bar diam eter at the ends, on release, wa: 
sidered extrem ely small for these large diam eter bars and w; 
investigated. Bars tested were lim ited to the practical rar
Fig. 3. 
Diagram 
showing the 
arrangement 
of the 
apparatus 
for pull-out 
tests.
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■Jin, fin, fin,
Minimum
fluidity
in2
Range of water/cement ratio for 
4,000 lb/in2 minimum cube strength
Grout Age of grout in days
2 7 14
Aluminous cement 120 .36 — .38 .36 — .40 .36 — .4
Rapid hardening 
Portland cement—  
no additive
65— 70 Strength not attainable
R.H.P. cement plus 
1 % Plastiment 
additive
60— 65 — .43 —  .50 .43 —  .5
1-|- dia plain and ^in, fin  nominal diameter deformed 
bars. Both plain and deformed bars were Macalloy high tensile 
alloy steel manufactured to B.S. 970:1947, taken from normal pro­
duction, having an ultimate strength of 155,000 lb /in2 and 0.2 per 
cent proof stress 130,000 lb/in2. The deformed bars were rolled 
to the limits defined in A.S.T.M. A305-50T with two longitudinal 
ribs joined together by transverse ribs, inclined at approximately 
60deg to the axis. The duct bore for all tests was fin  larger than 
the bar diameter to provide reasonable grouting space and sufficient 
surface area for shear resistance at the duct walls.
All bars were perfectly clean and grease free prior to placing 
them in the ducts. Specimen moulds were 6in bore solid drawn 
steel tubes filled with unreinforced vibrated concrete of ‘ prestress­
ing ’ quality, having an average 28 day 6in cube strength of 7,150 
lb /in2 and a density of 150.8 lb /ft3. The central duct was formed 
either by Kopex corrugated metal sheathing or inflatable rubber 
Ductube. Other types of duct formers, such as soft rubber sheathing 
over steeLbar insert and plain, steel bars cast in and removed 3 to -5— 
hours after concreting, presented a duct wall surface closely similar 
to that formed with Ductube and no separate specimens were pre­
pared. With the bar in place grout was injected from the bottom, 
with the duct vertical, to ensure complete filling. Pull-out tests 
were carried out both with and without the steel mould to determine 
the effect of restraint.
Conclusions and Recommendations for Grouting
After grouting pull-out specimens and test beams it was apparent 
that a fluidity of less than the values given in Table I resulted in
blockage in the grouting nozzle or the grout thickening so rapi 
that the duct could not be effectively filled. The lower water: cem 
ratio in Table I corresponded to the fluidity value, the upper li: 
being defined by the cube strength, taken as a minimum of 4,( 
lb /in2, considered necessary for deformed bars when used with 
permanent end plates. Limited tests showed severe mechan: 
agitation decreased the fluidity whereas shaking by hand increa 
the fluidity (7).
Distinct benefit was obtained by adding 1 per cent Plastim 
to rapid hardening Portland cement. For comparable fluidity 
water: cement ratio was reduced by 0.05 which corresponded t 
cube strength increase of approximately 1,000 lb /in2. Where h 
early strength is required, for deformed bars without permari 
anchorages, aluminous cement grout is the obvious choice, upwa 
of 80 per cent of the maximum strength being reached in 48 hoi 
but due to the rapid initial set only quantities that can be u 
soon after mixing should be prepared (Table II). For plain b 
permanently anchored, where reasonable strength in 7 to 14 day 
-acceptable,—and—i or—exceptionally—long—or—difficult- ducts—ra 
hardening Portland cement with 1 per cent Plastiment additiv 
preferred since this grout remains usable longer (Table III).
All grouts showed a distinct decrease in fluidity with tempi 
ture increase, due to the accelerated rate of chemical reaction, < 
it is recommended that grout temperature be kept as low as poss 
(but not below 35deg F), especially when low water: cement ra 
are used. Grouting should not be permitted, without special f 
cautions, if the anticipated sustained air temperature is likely to 
below freezing, since freezing grout has been known to craci 
beam (9).
Fig. 4.
Graph showmg the relationship 
between cube streitgth and 
water: cement ratio for Ain cubes.
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Appli­
cation
*
Water/
cement
ratio
Time from mixing that 
grout usable— minutes 
(Fluidity greater than 120in2)
Viscosity
at
mixing
seconds
7 day 
cube 
strength 
lb/in2
55°F 65°F 75°F
A 0.36 . 32 22 18 100 6,700
B 0.38 40 28 23 50 5.200
C 0.40 52 31 25 40 4.200
/ \ r r L ! L A u u i N  u r  x v A r i u  nA K U fcfN iN U  JTUK TLA ND C E M E N T  VjrROUT-
1 %  P l a s t i m e n t
-A D D
* See Table III for category letters.
Even under laboratory conditions it was not possible to 
eliminate small incompletely mixed particles, sufficient to cause a 
blockage in either injection nozzle or duct, and passing all grout 
through a fine sieve before use is to be recommended. It was also 
found necessary to pass water through long ducts, formed with 
Ductube, surplus water being blown out with compressed air before 
grouting, to prevent extraction of water from the grout by absorp­
tion into the concrete. This was not necessary with ducts formed 
with impermeable sheathing.
Conclusions and Observations on Bond of Plain Bars 
The average maximum bond, calculated on embedded surface area 
and pull-out load, for -|in to l^in dia bars, grouted in ducts, was 
92 to 131 lb /in 2. For similar bars cast in concrete bond values of 
340 to 360 lb /in2 were obtained (Fig. 5). The results corresponded 
closely to similar tests in America (8) on fin  dia mild steel bars, 
cast in concrete, where an average bond value of 335 lb /in2 was 
obtained. The higher bond strengths were obtained for the smaller 
diameter bars.
Due to low steel stress at tendon slip, the reduction of bar 
diameter due to loading was not considered materially to affect 
the bond. Grout shrinkage might have caused an easing of friction 
and adhesion, but for ducts formed with impermeable sheathing
the escape of moisture, remote from the ends of the duct, was slight
Appli­
cation*
Water/
cement
ratio
Time from mixing that 
grout usable— minutes 
(Fluidity greater than 60in2)
Viscosity
at
mixing
seconds
7 d; 
cub 
strenj 
lb/ii
55°F 65 °F 75°F
A 0.43 15 5f 2t 370 5,20
A 0.46 over 90 20 5t 175 4,50
B 0.49 over 90 90 15 110 4,10
B 0.52 over 90 over 90 45 60 3,80i
C 0.54 over 90 over 90 over 90 45 3,701
and autogenous shrinkage alone may have determinecT the bond 
response. Grout water: cement ratio (or strength) did not greatly 
affect the bond.
Plain bars are not suitable as post-stressed tendons without 
permanent end anchorages, as a maximum bond of about 100 lb /in2
*A Straight ducts up to 15 feet long.
B Straight or curved ducts up to 40 feet long.
C Straight or curved ducts over 40 feet long. 
fThese times too low for practical use.
is not sufficient to ensure a reasonably short transmission len 
When permanent end anchorages are used, this bond is sufficien 
transmit the differential strain, between concrete and steel, cat 
by loading, over a reasonably short length of bar and hence incri 
the ultimate strength of the member.
Conclusions and Observations on Bond of Deformed E
Nominal bond stress at failure for both £in and fin  nominal diam 
deformed bars was 800 to 1,400 lb /in2; the corresponding si 
stress at the duct wall was 560 to 870 lb /in2. As the bond stre 
and shear stresses, for more than 50 pull-out tests, were reason; 
constant, no matter whether the failure was between bar and g] 
or between grout and duct wall, the suitability of both the corrug; 
surface of Kopex sheathing and the plain hole formed by u: 
Ductube to form the cavity was shown and the selected bore of 
cavity, fin  larger than the bar diameter, was satisfactory.
The greatly improved bonding of the deformed bar 
probably due to the deformations forcing an annular ring of gi 
against ffi'eTfucFwall ^  indicated by the high shear stress develops 
the duct walls. Also the mechanical keying of the grout in the 
deformations would not be materially affected by grout shrink: 
Minimum bond lengths to develop the ultimate strength of the 
and fin  dia bars, grouted with 0.36 water: cement ratio alumir
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P R E S T R E S S I N G  BY ALLOY S T E E L  B A R S
D e v e l o p m e n t  and a p p l i c a t i o n  of a Bri t i sh  s y s t e m
By K. J .  B R O W N ,  M.Sc.(Eng.), A.M.I.C.E., A.M.I.Struct.E, *
First a ttem p ts  to  prestress concrete , using threaded mild 
steel bars tensioned  by nuts, w ere  made in the middle 
o f  the 19th century. Initially th ese  early prestressed  
structures behaved as their designers had predicted but  
subsequently  sh ow ed  signs o f  distress because the initial 
low  prestress w as largely lost by shrinkage o f  the concrete  
and the then unknown phenom enon  o f  creep. It was clear  
that successful prestressing dem anded the use o f  high 
steel stresses in _prder to  restrict the unavoidable stress 
loss t o  only a small percentage o f  that initially applied
Around 1930 high tensile steel wires 
were being used for prestressing ten­
dons, but it was not until after the war 
that a great interest developed in con­
struction with prestressed concrete. This 
was due to the possible saving of some 
50 per cent, in concrete quantity and 
75 per cent. (1) in weight of steel, com­
pared with equivalent reinforced con­
crete structures, together with conse­
quent reduction in dead weight and cost.
During the war high tensile steel bars 
were used by the Germans to prestress 
the roofs of submarine pens, and their 
great resistance to heavy bombing 
showed advantages were possible if a 
steel could be developed with properties 
specially suitable for this purpose.
Wire was the only form in which steel 
of suitable properties was commercially 
obtainable until 1949, when alloy steel 
bars (2) of diameters up to ljin . were 
cold worked by McCalls Macalloy, Ltd., 
to produce a steel with a sensibly linear 
stress-strain characteristic of a 0.2 per 
cent, proof stress of 59 tons/sq. in., and 
an ultimate strength of about 70 
ton.s/sq. in.
High carbon silicon-manganese steel 
bars of trade name Macalloy are now 
also manufactured under licence in 
Australia by McCalls Macalloy (Austra­
lia), Pty., Ltd., and in America under 
the name of Stressteel by the Stressteel 
Corporation.
Advantages of Bars
Some of the basic advantages of bars 
compared with wires which have con­
tributed to the rapid increase in their 
use are:
1. Threaded bars, anchored by nuts 
bearing on end plates, give positive 
anchorage and therefore definite 
initial prestress without any losses 
due to slip which inevitably occurs 
with tendons held by wedge 
anchorages.
2. Definite location of the centre of 
prestress with one or a number of 
bars.
3. Considerable saving in site labour
* Associate in the firm of Donovan H. Lee 
and Partners, London and Sydney.
due to easy placing of bars and 
rapid stressing operations. One 
llin . dia. bar is equivalent to about 
21 No. .196in. dia. wires and the 190 
bars (over 7500 tons), stressed by 
the author in the substructure of a 
college at Stoke-on-Trent, briefly 
described later, were completed at 
an average time of under five 
minutes per bar. The contractor 
had no previous experience with 
prestressed concrete.
4. The loss of concrete section due to 
the duct size, particularly important 
with thin webbed beams, is small, 
the sheathing bore being about Jin. 
to lin. greater than the bar dia­
meter.
5. Stressing may be applied in stages 
very desirable for certain structures, 
and bars may be restressed to 
reduce creep or shrinkage losses.
6. The risk of defective bars on site is 
practically eliminated as each bar 
is tested to nearly 50 per cent, above 
the normal working stress during 
the factory cold working.
7. Less risk of loss of strength due to 
corrosion owing to the size of the 
bar, but the usual precautions 
against corrosion should be taken.
Recent Developm ents
Research and experimental work, car­
ried out continuously since 1949, has 
improved many aspects of the original 
system, and the following recent 
improvements already incorporated in 
production at Sheffield, and in America, 
and Australia, are worth mentioning.
Stress relieving, before cold working, 
now provides a small but valuable in­
crease in ductility and further extends 
the tolerance if bars are accidentally 
mishandled or if an error is made in the 
stressing procedure.
In British production rolled threading 
has superseded the original cut tapered 
‘ high efficiency ’ threading, and tests 
show the strength of thread and new 
nut also to be indistinguishable from 
the strength of the bar itself with, in 
addition, improved resistance to misuse 
of stressing jacks and inaccurate setting 
of end plates. Since the threaded end
and bar are of similar strength, the 
recommended initial bar tension has 
been increased to 45 tons per sq. in. from 
42 tons per sq. in., as there is now no 
limitation imposed in coupling the bar 
to the jack. The original requirement 
of precise relative location of nut and 
the threaded end is eliminated. Thus, 
error in length of concrete member may'' 
be tolerated and excessive length taken 
up by the threading without any reduc­
tion in the ultimate strength of the bar.
Bars are supplied to any length up to 
60ft. Over this length bars are coupled 
and the original robust coupler has been 
replaced by a much smaller coupler of 
heat treated special steel with a wall 
thickness of only Jin. for l|in . dia. bars, 
strong enough to develop the full bar 
strength but sufficiently small to allow 
greatly reduced size of coupler boxes. 
With a small increase in the normal 
duct size, the coupler would pass 
through the duct and coupler boxes 
would then not be required.
Prestressing forces exceeding 1000 
tons are becoming increasingly common, 
and several examples briefly described 
later are the San Francisco Garage (3), 
Stoke-on-Trent foundation resistant to 
mining subsidence (4), and the Allt-na- 
Lairige Dam (5). To meet this demand 
the normal size range has been extended 
to include ljin . dia. bars both in Britain 
and in the U.S.A. At the recommended 
initial bar stress of 45 tons per sq. in., 
a tension of 55 tons is provided by a 
single bar with consequential saving in 
cost of ducts, anchorages, and site 
labour.
For use where large tolerance in bar 
length is required and where slight loss 
due to slip of anchorages is unimportant, 
the conical wedge grip (Fig. 1), 
developed by the Stressteel Corporation 
of America, is now generally available. 
No threading of bars is necessary since 
the stressing jack (Fig. 2) transmits 
force to the bar by a system of wedge 
grips.
This wedge anchorage method, which 
allows bars to be stocked throughout 
the world and, if preferred, cut to length 
on site, has been much used in North
Fig. 1. End assem bly  for  non-jacking end  
s h o w in g  w e d g e  grips  and grout in g  flange
/%. D. M r f t > 6 /
P R E S T R E S S I N G  BY ALLOY STEEL BARS (C o n td )
F R O N T  O USH OTA BARS
/  O R  W A S H E R  F O R  7$fOiA B A R S
M A I M  J A C K
#«kfc»M<5 HEA0
Fig. 2. N e w  stress ing  jack fo r  conical w e d g e  
grips
America, where some 100,000 bars have 
been stressed and anchored without 
incident.
When wedges are driven home the 
slip is reasonably small and tests have 
shown an allowance in bar extension of 
lin. to rgin. wil1 cover this loss. For 
lengths of bar over 60ft. this slip may be 
ignored. However, the loss can be offset 
for bar lengths over 19.4ft. by increasing 
the initial stress up to an upper limit of 
48 tons per sq. in., as shown by Fig. 3.
To provide for cases where the non­
jacking end of a bar should not project, 
or is not accessible after casting, 
threaded end plates are supplied (Fig. 
4). The anchorage may then be cast 
into the concrete. This anchor­
age also ensures the end plate is set 
normal to the bar, a requirement worth 
emphasising.
An alternative embedded type of end 
fastening, the cast steel tubular anchor­
age (Fig. 4), has recently become avail­
able. This sleeve anchorage supplied 
complete with steel spiral has particular 
merit for post-tensioned piles and mem­
bers such- as slabs, canopies and run- 
ways, where thickness of concrete is 
restricted.
The spirals may be intermeshed if 
particularly close bar spacing is 
required.
Research, with particular application 
to the Lee-McCall system, has also been 
carried out by the author to determine 
the best methods of forming ducts and 
to determine the types of grouts for 
specific conditions. This, together with 
field experience, has lead to the general 
adoption, for members where ultimate
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conditions might be met or where even­
tual restressing is not required, of a 
robust corrugated steel sheathing duct 
former which cannot be easily broken 
by accidental contact with immersion 
vibrators.
The bar is normally placed in the 
forms, inside the sheathing, and thus 
serves to maintain duct alignment dur­
ing concreting, prevent errors in duct 
curvature between points of support in 
the forms and, by its rigidity, reduce 
the likelihood of damage to sheathing 
whilst fixing reinforcement.
Reasonable bond is developed for lin., 
l |in . and liin . dia. bars, both between 
duct and bar and bar and grout, when a 
duct bore is Jin. to fin. greater than the 
bar diameter. Tests (4) have shown 
neat cement grouts are normally satis­
factory but plasticisers, and retarding 
agents may assist in particular circum­
stances. The first to improve fluidity,
, or lower the water/cement ratio with 
consequent reduced autogenous shrink­
age (grout strength hardly affects bond­
ing with plain bars, where shrinkage of 
the thin annular grout ring is the pre­
dominant factor) and the second to give 
greater tolerance in grouting time.
Reduced water content by using a 
plasticiser may be essential in countries 
where sustained low temperatures occur, 
since cases have been reported of mem­
bers being split from end to end by the 
freezing of ‘ free ’ water in the grout.
Where eventual restressing may be 
an advantage, with members such as 
canopies or cantilevers, where creep 
deflections are to be neutralised, or 
where the stress is applied in stages 
soon after concreting to eliminate 
shrinkage cracks, it has been found best 
to wrap bars in several layers of bitu­
men tape, prior to concreting. The 
friction loss has been found to be 
negligible, adequate protection from 
corrosion is obtained, and the previously 
mentioned danger from water freezing 
in a duct is eliminated.
For prestressed runways or similar 
thin slabs which are subject to extreme 
conditions due to their exposed location, 
freezing may well be a vital factor, even 
in the temperate British climate, as 
resistance to even small internal burst­
ing forces is very low.
Although most of the foregoing has 
been related to concrete structures, the 
Macalloy prestressing system has also 
been used for strengthening existing 
steel structures both in Britain and 
Australia.
Application of the System
There are some 2000 major structures 
in various parts of the world now pre­
stressed by Macalloy bars, and the 
following briefly describes a few con­
tracts selected to show variety of 
application of the system.
Medical Research Laboratory, Univer­
sity of Pennsylvania. Precast members 
were fabricated and erected by mobile 
crane to form the eight-storey towers 
of this impressive rigid frame structure, 
thought to be the highest precast frame 
of its type yet built.
Bars were threaded through holes pro­
vided in the precast sections, and each 
47ft. clear span floor is supported on a 
system of two pretensioned beams span­
ning between columns, and two trans­
verse post-tensioned beams each in three
Fig. 4. End en ch orage:  Left, corrugated  tu be;  
right, th readed  end plate
precast lengths. Three ljin . and two 
lin. dia. bars which pass through the 
girders develop a total force of 257 tons.
Plashet Secondary School, London. 
This multi-storey precast structure for 
the County Borough of East Ham exten­
sively used Macalloy bars for the pre­
cast prestressed frame, for the precast 
retaining wall to the boiler house,' and 
for the 54 No. 20ft. 7in. long stair flights 
and landings.
Fire Testing Station, Elstree, England. 
This building provides the working 
space for the testing of the fire resist­
ance of full-size structural members for 
the Department of Scientific and Indus­
trial Research (Fig. 5). and is 135ft. long 
with post-tensioned portal frames 50ft. 
span and 38ft. clear height.
The cast-in-place main frames, fixed 
at the base, consist of 24in. x 12in. wide 
columns with 4 No. l |in . dia. bars con­
tinuous with the 24in. x 12in. wide beams 
with 3 No. ISin. Macalloy bars, and they 
are typical of simple prestressed portal 
frame construction, though they are 
more commonly precast in units and 
stressed together.
Factory at Pennyburn for the 
Northern Ireland Ministry of Commerce 
(Fig. 6). The main production area with­
out intermediate supports is 123ft. 
square with 17ft. clear height. The main 
beams are 8ft. 9in. deep at the centre 
and 6ft. 6in. at the ends, with top flange 
3ft. 6in. wide at mid span. The web 
thickness is 3Sin., with the bars located 
three on either side of the web, painted 
against corrosion, and finally cased in 
concrete.
The main beams, which weighed 46 
tons each, were raised by hydraulic 
jacks in stages, moved horizontally, and 
finally lowered on to the columns.
The large span was obtained very 
economically and the construction obvi­
ated any need for valley gutters.
Storage building for sulphate of 
ammonia a t Greenwich, London (5). 
Erected for the South-Eastern Gas 
Board, its prestressed parabolic ribs, 
66ft. high and 96ft. span, form 22 No. 
three-pinned arches at 8ft. centres, con­
nected by precast concrete planks to
mmmmmkM
form the combined roof and walls (Fig. 
7 ) .
The ribs are 12in. wide and vary in 
depth from 2ft. 9in. a t the centre to 
lft. 9in. at the ends. The 64ft. long cen­
tral portion was concreted on site 
between factory precast end blocks, 
which incorporated a rocker hinge at 
each abutment and a knife edge hinge 
at the apex. Each rib is prestressed by 
2 No. llin . dia. bars and was lifted into 
position by a 117ft. jib derrick.
B o ein g  W arehouse, Seattle , W a sh in g ­
ton. With a plan size of 600ft. by 484ft., 
this is probably the largest area of pre­
cast prestressed roof construction in 
America, and the roof is used as a park­
ing area. All the 40ft. long beams for 
this project were cast and erected 
within 75 days.
G lenn M artin  F a ctory , B altim ore, 
U.S.A. Fast erection was the prime 
consideration in the erection of a 300ft. 
by 375ft. mezzanine floor inside the 
existing factory. I n  s i tu  concrete work 
could not be carried out because dust 
could damage precision machinery.
In three months were precast and 
erected the 118 No. prestressed I section 
main beams 23ft. long, 20in. wide, and 
31in. deep, each with nine llin . dia. 
prestressing bars, 340 I section secondary 
beams, 25ft. long, 22in. wide, and 23in. 
deep, each with three llin . dia. bars, 
together with 81 main and 35 secondary 
perimeter beams and 199 columns 14in. 
x 20in. in reinforced concrete.
N in e-storey  garage  in  San  F ran cisco  
(3). Plan size 275ft. long by 137ft. wide, 
of flat slab construction with exterior 
walls at one end and one side only. A 
further element was required to resist 
the very large torsional moments from 
seismic forces, and it was calculated 
some 68 per cent, of the maximum total 
horizontal force of 1600 (long) tons 
would have to be carried by this 
element.
A prestressed concrete shear wall of 
I section 37ft. long, 2ft. thick, acting as 
a 100ft. vertical cantilever, presented an 
economical solution. The bottom 40ft. 
of the wall was prestressed with a total 
force of 6000 tons, provided by 146 No. 
l |in . dia. bars. They were not bonded 
as this was not deemed necessary due 
to the factor of safety against cracking 
of 1.65. The deflection at the top of the 
wall was calculated not to exceed lin., 
as compared with llin . for reinforced 
concrete construction, and the columns 
were deemed able to carry the resulting 
seismic bending moments without addi­
tional reinforcement.
M ulti-storey co llege  build ings, Stoke- 
on-T rent, E nglan d . Resistance to min­
ing subsidence has been provided for
Fig. 5. Fire Testing  Station,  Elstree, for  
th e  Ministry o f  W o r k s .  D onovan  H. Lee & 
Partners, consultants .  Tersons,  Ltd., c o n ­
tractors Fig. 7. Z aza  River Bridge, Les Villa, Cuba
Fig. 6. Ministry o f  C o m m e r c e  factory,  N o r th e r n  Ireland. Main p rodu ct ion  hail ^ciear span 
123ft .) .  D o n o v a n  H. Lee & Partn ers ,  consu ltan ts .  C o n c r e t e  Piling, Ltd., c o n tractors  for
fra m e w o rk
several multi-storey buildings in Eng­
land, and two are a t present under con­
struction. One example, involving three 
point supports and prestressed concrete 
substructure designed and constructed 
under the supervision of the author, 
may be mentioned as typical.
The prestressed concrete grid sub­
structure of the College of Ceramics is 
supported by three reinforced concrete 
pads, arranged at the apices of a tri­
angle, carrying a normal reinforced 
concrete framework above.
Two main substructure beams, 91ft. 
long, 2ft. wide, 6ft. 6in. deep, with 6ft. 
8in. wide lft. thick flanged for part 
of the length, were each stressed with 
35 No. llin . dia. bars, producing an 
initial prestressing force of 1420 tons; 
seven crossbeams were 60ft. long, 6ft. 
6in. deep and lft. 2in. or lft. 8in. wide, 
each with an initial prestressing force
of over 600 tons. Cast-in-place concrete 
beams carried the external walls.
The bars were concreted in metal 
sheaths, curved to give optimum effici­
ency and grouted after stressing all as 
usual practice.
T ransw orld  A ir lines T erm inal P a sse n ­
ger B u ild ing , N ew  Y ork (11). This unique 
building is covered by a concrete shell 
roof with two extensive shell cantilevers 
all supported by four massive vertical 
legs.
The large horizontal thrust com­
ponents from the roof are resisted below 
ground level by 38 and 22 llin . dia. 
Stressteel bars, providing a resisting 
force, between legs, of 2090 tons and 
1210 tons to the rear and to each side 
tie respectively.
The side ties were each 199ft. long, 
the front and rear ties 117ft.
Bars were tensioned from one end
